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Abstract
Through the application of a computerized model (BioWin), anaerobic co-digestion
(AcoD) of source separated organics (SSO) and a high rate acidification technology
(pretreatment) for a conventional wastewater treatment plant was reviewed. Through this
combined approach of high rate acidification, and co-digestion techniques it was found that
the experimental modeling scenarios offered increases when compared to the existing base
scenario production levels. With the addition of the high rate acidification technology and
application of source separated organics the maximum increases in biogas production came
when an OLR of 5.24 kg-COD/m³/day and 97g COD/L/d was experimentally modeled. It
is therefore, recommended that research into the combination of AcoD with a high rate
acidification pretreatment to determine co-substrate application to specific WWTP
dynamics continually be investigated.

Keywords
Anaerobic Digestion, Anaerobic Digestion Modeling Biogas, BioWin, Co-Digestion,
Conventional Treatment, High Rate Acidification, Pretreatment Technology, Source
Separated Organics, Wastewater Treatment

Summary for Lay Audience
The intended purpose of this research was to highlight pretreatment technology when
applied to an existing conventional medium-sized wastewater treatment plant. Through the
application of computer modeling efforts, various scenarios were examined to determine
the ability of both co-digestion initiatives and pretreatment applications. The findings
showed that the addition of source separated organics (SSO), to existing waste streams of
a medium-sized wastewater treatment plant, offer positive abilities towards increasing
overall biogas production ability of the plant. When the addition of SSO was then combined
with the application of a high rate acidification pretreatment technology, further advances
in biogas production regarding conventional wastewater treatment plant operations was
possible.
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Chapter 1

1

Introduction

1.1 Background Overview
Anaerobic digestion involves degradation and stabilization of organic constituents in an
anaerobic condition (oxygen-free environment), through the usage of microbial organisms
and microbial biomass, resulting in the creation of a renewable energy source methane
(Kelleher et al., 2000). Anaerobic digestion processing systematic capabilities have
maturated through the past decade to include processing abilities such as: reduction to
pollution (agricultural and industrial) and offsetting of communal energy reliance on
conventional fossil fuel sources (Chen, Chen and Creamer, 2008). Other benefits of the
anaerobic digestion process in respects to operational advantages in wastewater systems
are lower sludge production rates, low energy requirements and increased possibility of
energy recovery (van Staikenburg, 1997).
Despite the operational innovations that anaerobic digestion processing technologies have
achieved, there are however, still system setbacks that limit the technologies practical
operational capabilities. Some of these challenges in respects to anaerobic digestion of
wastewater treatment plant influent stream sludges include: poor operational stability, acid
formation (inhibition) and the instability of microbial organisms due from a multitude of
microorganism organic makeups (Dupla et al., 2004; Demirel and Yenigun, 2002). A
multitude of literature is present today surrounding these challenges particularly
highlighting the strong variation in inhibition/toxicity difference of microbial substances
and the associated deficiency claims (Chen, Cheng and Creamer, 2008).
Early illustrations of anaerobic processing deficiencies can be examined through the works
of Kayhanian (1996), who completed a study to identify which of the four types of
anaerobic microorganisms where most likely to be impacted to cease growth to ammonia
inhibition condition exposure. In the findings, reports that of the four types of anaerobic
microorganisms, the methanogens were least tolerant to ammonia exposure (Kayhanian,
1996). The exposure of methanogenic bacteria to ammonia concentrations when increased
1

from a range of 4051-5734 mg NH³-N L-1, resulted in the methanogenic population loss of
56.5% of the microorganism’s activity (Kayhanian, 1996). The result of these
methanogenic bacteria reductions was the onset of substantial decline in digestion rates,
creating an overall operational loss in system efficiency. These early works of Kayhanian
however, were later examined over a decade ago by Chen, Cheng and Creamer. The
research confirmed that methanogenic bacteria exposure to ammonia did result in a
reduction of digestion rate, however, this occurred at varying rather than one singular
stagnant level of exposure (Chen, Cheng and Creamer, 2008). Despite individual research
findings of ammonia exposure levels relation to digestion rate decline, there is enough
evidence to support the claim that over exposure or explicit exposure of ammonia to select
microorganisms can result in the loss of methanogenic bacteria’s ability to complete the
anaerobic digestion decay process inside of a wastewater treatment system. Further support
is provided through multiple studies that found inhibition conditions created through
ammonia concentration exposure resulted in up to 50% methane production loss, through
ammonia exposure levels ranging from 1.7 to 14 g/L (Chamy et al., 1998; Gallert et al.,
1998; Bujoczek et al., 2000; Sung and Liu, 2003).
Exposure to organic compounds poorly soluble in water or that absorb to surfaces of sludge
solids have been found to reduce the operational capacity of anaerobic conditions (Gavala
and Ahring, 2002). In a study by Gavala and Ahrings (2002), it was found that long chain
fatty acids (LCFAs), surfactants and detergents exhibited adverse side effects towards the
onset of inhibition conditions in the anaerobic digesters due to their organic makeups being
similar to the characteristics of poorly soluble organic compounds listed in previous studies
(Madsen and Rasmussen, 1996).
The ability of anaerobic technology to overcome operational challenges is what will lead
to the further industrial reliance in the future. Through advancement of research,
technologies that ‘improve’ the anaerobic digestion process have become available. One
solution implemented today to reduce setbacks is co-digestion. Co-digestion has nothing
to do with the incorporation of technology but instead around improving influent stream
organic compositional characteristics. The process of co-digestion is the simultaneous
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digestion of two or more substrates, instead of the historically popular singular substrate
digestion process.
The production of biogas is mainly focused around this methane making capability and has
been found that when the anaerobic digestion process is linked to the addition of cosubstrates, it can create a low-cost and commercially flexible process (AlatristeMondragon et al., 2006). The co-substrate addition option (i.e. co-digestion), has been
shown to be a viable option through multiple research efforts. Studies have shown that
multiple sources of organic wastes including fats, oils and grease (FOG) and food wastes
(organics) can be easily collected and employed as a co-substrate option (Cotrell, 2008).
Cotrell (2008) found that when using FOG as a co-substrate in a full-scale digester it was
possible to increase biogas production by up to 50% compared to base simulation cases.
For this study, Cotrell applied a full-scale digestion facility accepting and co-digesting
sludge and FOG at an operational FOG loading rate of 0.48 kg-VS/m³ - day (Kabouris et
al., 2009).
Studies completed by Kabouris et al., (2008) and Suto et al., (2006) found that the potential
increase in methane production by 100% or more was possible through the co-digestion of
FOG with municipal sludge in laboratory studies. Kabouris (2009) was able to demonstrate
that the volatile solid destruction efficiency values based on gas yield were estimated at
29.7, 39.4, 54.9 and 42% for single stage digestion at 35℃ and 55℃. When the addition
of co-substrates occurred, the destruction efficiency associated with biodegradable volatile
solids accelerated to 51.2, 67.9, 94.9 and 72% respectively (Kabouris, 2009). The assumed
increase is linked to the crude protein and lipid ability to be more readily degradable under
thermophilic conditions in a 35℃ single stage digester (Kabouris, 2009).
Further research into substrate abilities to provide increases to biogas yield, found kitchen
waste (KW) to be viable for co-digestion purposes (Carucci et al., 2005; Gunaseelan, 2004;
Labatut et al., 2010). In a study by Li et al., (2011) the validity of FOG and KW organics
was examined to determine abilities regarding methane production capabilities. Li et al.,
(2001) found that through the addition of 9.0kg of KW with a substrate to inoculum ratio
S/I = 1.20 and 0.35g FOG with S/I – 0.46, the greatest improvement of methane production
3

percentages was achieved. It should be noted that two co-digestions had S/I ratios within
the ranges recommended from the results of the single substrate digestion experiment (Li
et al., 2011). The addition or combination approach of adding co-substrates to the anaerobic
process through co-digestion practices is not the only viable means for increasing the
biogas yield potential of the anaerobic digestion process. It has been demonstrated through
studies that the pretreatment of substrates prior to the organic decay process has further
potential to increase operational performance and biogas formulation (Dohanyos et al.,
2004).
There are a multitude of pretreatment technologies commercially available today. Thermochemical and ultrasonic pretreatment techniques have both successfully shown economical
effectiveness during their application (Apul and Sanin, 2010; Pilli et al., 2011). Early
studies into the technologies conducted by Kim et al., (2003) presented evidence that a
34% increase in methane production from waste active stream (WAS) with combination of
thermo-chemical pretreatment was possible. More recent research has shown the
application of mechanical pretreatment for anaerobic digestion to bolster proven
performance results (Ariunbaatar et al., 2014). Mechanical pretreatment constitutes the
grinding of solid particles of the substrate streams, releasing cellular compounds and
increasing surface area of the organics (Ariunbaatar et al., 2014). Earlier studies by Kim et
al., (2000) demonstrated that particle size was inversely proportional to the maximum
substrate utilization rates associated with microbes in respects to anaerobic digestion. The
increased surface area provides a larger contact surface between substrate and anaerobic
bacteria leading to an enhanced anaerobic digestion process (Skiadas et al., 2005; Career
et al., 2010; Elliot and Mahmood, 2012). Therefore, the application of mechanical
pretreatments such as sonication, lysis-centrifuge, collision, high-pressure homogenizer
and liquefaction are all applicable options to increase methane production rates through
release of cellular compounds and increase of surface area (Ariunbaatar et al., 2014).
In the early parts of the past decade the successes of pretreatment technologies to increase
methane production capacities has occurred primarily in traditional digestion scenarios,
without the addition of co-substrate options (Li et al., 2012). A multitude of academics
have now acknowledged the benefits that the addition of co-substrate in an anaerobic co4

digestion system can feasibly generate. A combined approach of co-substrate and
pretreatment application has to date been seldomly incorporated into conventional
municipal wastewater treatment plant operations. Therefore, research into the feasibility of
whether to continue with singular performance improvement approaches or a combined
approach should become the focus of research initiatives moving forward.
Due to monetary limitations the ability of several pretreatment options to be incorporated
into anaerobic digestion systems has been restricted. With growing global concerns around
municipal waste increasing, rising energy demands and global warming acceleration,
enhancement and research surrounding economically feasible approaches to improving
anaerobic digestion system performance is required. The focus of research should occur in
the general direction aimed around the availability and application of currently existing
pretreatment technologies. Combined with the application of co-digestion processes and
how these can successfully apply to single or two-stage anaerobic digestion systems,
offering reduced retention time, greater pathogen removal and improve overall plant
operational performance correlating to improved economic feasibility (Ariunbaataret al.,
2014).
Therefore, the focus of this research thesis is to explore how a high rate acidification
pretreatment technology can be combined with the addition of co-digestion practices into
an existing anaerobic digestion waste treatment system. A typical medium-sized Canadian
municipality was the intended focus of this research. The aims or intentions of this research
are to determine operational parameters to promote an improved anaerobic digestion
process with the existing waste treatment plant.

1.2

Research Objectives

The main objectives of this research are as follows:
1. Simulate current performance of the existing anaerobic digestion process
2. Simulate the addition of co-digestion to the existing anaerobic digestion process
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3. Simulate the impact of incorporating a pretreatment technology to the existing
anaerobic digestion system. Assess the results on the system in comparison to
existing and expansion scenarios.

1.3

Thesis Organization

This thesis is comprised of a total of 6 chapters. Chapter 1 is a general introduction
outlining background information, objectives and the organization of the research to be
explored. To successfully achieve the previously mentioned objectives in section 1.2, a
series of experimental modeling simulations were completed.
Chapter 2 is a presentation of a literature review focusing around the anaerobic digestion
process and its application as an energy resource. Academic research is presented regarding
anaerobic digestion benefits, limitations and possible co-substrate options for increased
performance. Wastewater sludge digestion and comparisons between primary and
secondary characteristics are reviewed. The potential of co-digestion applications available
and their possible capabilities to improve anaerobic digestion system yields are explored.
The current availability of pretreatment technologies present and past are presented with a
brief summary of achievements. The final section of this chapter will review available
modeling programs and provide justification for the application chosen for this research.
Chapter 3 explores the ideology behind the biogas production from conventional digestion.
The chapter opens with a brief explanation of the organic decay and biogas formulation
process. The purpose of evaluating the biogas production capabilities of a conventional
digester system in an existing waste treatment plant is then investigated. This is examined
further in the midsection of the chapter through the evaluation of modeling efforts. The
chapter then proceeds to expand on the modeling efforts through the evaluation of various
modeled scenarios. Chapter 3 concludes with a review of the associated model outcomes.
Chapter 4 investigated a comparative assessment of biogas production rates when the
addition of co-digestion is added to the plants anaerobic system. The chapter begins with a
brief outline of anaerobic limitations / challenges and aims to provide insight to determine
the effectiveness of the co-substrate source to be implemented. The research intention here
6

was to reveal the maximum capacity of balance ratio between acidification rates and the
methanogenic processes of the chosen substrate. This provides evidence to assist in
determining at what level of feed would the onset of an inhibition state be induced within
the system. The midsection of the chapter reviews the modeling efforts and analytical
framework. Chapter 4 concludes with a breakdown of the various experimental codigestion modeling scenarios explored and the correspondence results associated with
each.
Chapter 5 covers a review of pretreatment technologies and explores the viability of a
chosen pretreatment approach applied to the existing anaerobic digestion system. The
chapter begins with an overview of the pretreatment technologies solubilization of complex
matrices for faster hydrolysis decay processing. The midsection of the chapter proceeds to
explore the effectiveness the pretreatment technology bolster in the context of a codigestion anaerobic system. The chapter concludes with a review of the experimental
modeling results and provides a summary.
Chapter 6 concludes the research thesis by providing a summarized briefing of the
modeling experiments. The midsection of the chapter analyzes the scenarios and provides
finalized assumptions associated with the findings. The final section of chapter 6 speaks to
the research efforts put forward and aims to provide recommendations for future research
initiatives.
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Chapter 2
Literature Review

2

2.1 Introduction
Municipal wastewater treatment plantations exist across all communities of developed
countries in the world. The plants serve a rudimentary purpose to collect used organic
residues (i.e. primary sludge and waste activated sludge) from residential and industrial
facilities. Once accumulated these treatment facilities filter, clean and dispense a finished
effluent back into the environment. Many of these working plant operations adopt a process
known as anaerobic digestion (AD) to be combined into their ‘treatment train’ process.
Anaerobic digestion is a biological treatment, which is performed under the absence of
oxygen, with the purpose of stabilizing organic matter (Mata-Alvarez et al., 2014). The
result of the anaerobic digestion process is the creation of a specific mixture of biogases,
mainly comprised of methane and carbon dioxide (Mata-Alvarez et al., 2014). During the
1970’s energy crises anaerobic digestion experienced a monumental technology growth
period, contributing to the technologies maturation we now see today (Mata-Alvarez et al.,
2014).

2.2

Anaerobic Digestion Process

Anaerobic digestion is an attractive waste treatment practice that offers both pollution
control and energy recovery techniques. Anaerobic digestion is the engineered
methanogenic decomposition of organic matter under oxygen-free conditions, involving a
mixed consortium of anaerobic microorganisms (Wilkie, 2005). Completed in the presence
of anaerobic conditions (oxygen-absence) with the combination of these microbial
organism it leads to the formation of biogas (carbon dioxide and methane) and microbial
biogas (Kelleher et al., 2000). Figure 1., shows a simplified schematic of the anaerobic
digestion process of organic matter. From a process engineering point of view, AD is
considered relatively simple, since the process uses a “mixture culture” of ubiquitous
organisms with no sterilization and product separation necessary (Wilkie, 2005). The
biochemical process involved in anaerobic digestion is on the other hand very complex.
8

Figure 1. Simplified scheme for anaerobic digestion of organic matter (Wilkie, 2005)
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AD is a multiphase process that consists of a series of reactions that are catalyzed by a
mixed group of bacteria through which organic matter is converted to methane and carbon
dioxide (Wilkie, 2005). Polymers undergo hydrolysis to be broken down into oligomers or
monomers, which are then metabolized by fermentative bacteria with the production of
hydrogen (H2), carbon dioxide (CO2), and volatile organic acids (acetate, propionate, and
butyrate) (Wilkie, 2005). These volatile organic acids excluding acetate are converted to
methanogenic precursors (H2, CO2 and acetate) by the syntrophic acetogens (Wilkie,
2005). Finally, methanogenic bacteria produce methane (CH4) from acetate or from H2 and
CO2. The stability of digester operations require that these bacterial groups remain in
dynamic equilibrium, as some of the intermediate metabolites (ammonia, sulfide) can be
inhibitory and the pH of the system must remain near a neutral state (Wilkie, 2005).
The process of anaerobic digestion has many fittingly ideal candidates for application, such
as agricultural and industrial created wastes due from high levels of easily biodegradable
materials (Cheng & Creamer, 2007). Anaerobic digestion is considered to be one of the
most efficient waste and wastewater treatment practices on the market today, becoming
widely applied for treatment of municipal sludges (Cheng & Creamer, 2007). In the early
1980’s Parkin and Miller highlighted the limited application of treatment of organic
residual wastes such as fruit and vegetables (Parkin and Miller, 1983). Today an influx of
research surrounding viable food waste stream sources to be incorporated into the
anaerobic digestion process can be accredited to founding research efforts such as those of
Parkin and Miller’s.
When held in comparison to other bioenergy technologies available, AD bolsters the ability
to accommodate a wide range of substrates (high to low moisture content) and provides
9

durable operational variability regarding scale and location (Appels et al., 2011; F. Xu et
al., 2016). Towards the end of the last decade, the biogas industry has been directing aim
towards energy production (Hamawand, 2015), therefore, collaborative interest into food
wastes as a promising substrate for AD has arose (Paritosh et al., 2017). This being the
case, it becomes necessary to identify current challenges of AD regarding food wastes and
review potential solutions / outcomes associated with the substrate source.

2.2.1

Anaerobic Digestion Benefits

The evolution of the anaerobic digestion process throughout its history has resulted in the
maturation and extensive application the technology experiences in industry today. The
benefits of AD to be used for production of biogas through application of waste materials
for use as a fuel’s energy source qualifies AD, as a sustainable technology for renewable
energy generation (Wilkie, 2005). The application of AD should also be considered for the
environmental benefits of the process, in addition to the energy production capabilities
from waste (Wilkie, 2005). Some benefits that AD offers are the ability to treat municipal
sludge, animal manure, industrial sludge, and industrial and municipal wastewaters
(Wilkie, 2005). AD system advantages include but are not limited to low sludge production
and low energy requirements alongside high potential for energy recovery (Ghosh and
Pohland, 1974; van Staikenburg, 1997). Additionally, are the abilities for waste removal
processing, odor reduction, pathogen control, conservation of nutrients, and reduction in
greenhouse gas emissions (Wilkie, 2005).
Broadening technological capabilities in recovering energy and nutrients from organic
residuals creates not only substantial economic opportunities but provides essential
abilities for societies to achieve sustainable development practices (F. Xu et al., 2016).
Consideration of the negative environmental impacts associated with landfilling,
incineration or compositing of food waste (Posmanik et al., 2017), presents further
opportunity for anaerobic digestion to become a cost-effective way for renewable energy
production and waste treatment to occur regarding these high-moisture energy-rich
materials (Romero-guiza et al., 2016).
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Due to the energy production capabilities of AD, the production of biogas focusing on
methane from organic residues through anaerobic digestion has become widely applied to
support on-site co-generation initiatives (Zitomer et al., 2008). Co-generation technologies
have been shown experimentally and commercially to stabilize organic residues and reduce
operating costs. This finding was brought forward in works such as those of Crawford and
Sandino. They found that the production of biogas had been conveyed as a renewable
energy source being able to recover 20 to 40% of on-site energy requirements of
conventional plant operations (Crawford and Sandino, 2010). Continuation of
experimental research efforts to improve plant operational capacities and increase AD
benefits, therefore, is continually sought after by industry and academics alike.

2.2.2

Anaerobic Digestion Limitations and Solutions

The facilitation of anaerobic digestion in achieving successful pollution control and energy
harnessing outcomes, however, does not transpire short of the existence of limitational
operational capabilities. The availability of AD systems has increased rapidly due to
various factors including financial incentives for renewable energy facilities, governmental
policies on climate change, landfill and an increasing energy need for societies
(Fagbohungbe et al., 2017; Klavon et al., 2013; Zglobisz et al., 2010). When the correct
conditions within an AD system are maintained, the AD process functions in a stable state
of operation with high energy recovery abilities (Dechrugsa et al., 2013; Fagbohungbe et
al., 2017). However, the requirement of AD systems to operate in this stable conditional
state is not continually achievable as historical to present day research has identified. Still
to this date the two major challenges the technology faces are: (i) operational instability
and (ii) the quality of the digestate produced (Appels et al., 2011; Fagbohungbe et al., 2017;
Holm-Nielsen et al., 2009).
The role organic substrate selection plays in the stability of an AD system is critical, as
some feedbacks can have inhibitory effects on the AD processes (Fagbohungbe et al.,
2017). This inhibitory effect has continually been the ‘x-factor’ plaguing the operational
stability of AD systems through the technologies historical growth. As Fagbohungbe et al.,
(2017) identified substrate-induced inhibition (SII) in AD can occur when the constituent
11

fractions(s) or metabolic intermediate product(s) from organic substrates inhibit microbial
activity processes. Organic substrates that are known to contain high amounts of protein,
lipids, limonene, furans, metals, pesticides, antibiotics and other organic compound have
been reported to induce inhibitory conditions within AD processes (El-Gohary et al., 1986;
Palmqvist & Hahn-Hagerdal, 2000; Lallai et al., 2002; Wilkins et al., 2007; Alvarez et al.,
2010; Sousa et al., 2013; Yangin-Gomec & Ozturk, 2013; Fagbohungbe et al., 2017). The
onset of SII can occur from either direct addition of inhibitory compounds (limonene), or
indirectly through production of inhibitory intermediates (ammonium and hydrogensulphide from protein) (Fagbohungbe et al., 2017). Microbial adaption to potential
inhibitors and co-digestion with two or more substrates are commonly used to reduce
inhibition (El-Mashad & Zhand, 2010; Zhang & Jahng, 2012). During microbial
adaptation, the inhibitor can be transformed into metabolites with a similar or lower level
of toxicity while the application of co-digestion reduces the concentration of the inhibitor
by increasing the ratio of the co-substrate (Athanasoulia et al., 2014). An alternative
approach to reducing inhibition in AD is to remove or reduce the mobility / bioavailability
of the inhibitors without affecting the AD process.
Another major concern associated with AD is how to retain the nutritive value of the
digestate before and after application to land (Mihoubi, 2004; Mangwandi et al., 2013). For
the most part, digestate has a high moisture content and to reduce this the application of
phase separating equipment is utilized (Fagbohungbe et al., 2013). A study revealed that
43% of total nitrogen (N) and 25% of total phosphorus (P) would be lost if the liquid
fraction of pig slurry digestate was separated (Vaneeckhaute et al., 2013). During and after
the spread of the digestate for instance on farmland can lead to further nutrient and metal
loss via transfer to watercourses or the atmosphere (Fagbohungbe et al., 2017). Examples
of losses that have negative impact on the environment and agricultural industry are the
volatilization of ammonium, leading to ammonia emission and leaching of heavy metals
as diffuse pollution (Svoboda et al., 2013; Paige et al., 2014). An option given considerable
thought is that of nutrient recovery from the digestate (Verstraete et al., 2009; Batstone et
al., 2015). Verstraete et al., (2009) and Batstone et al., (2015) believed in this aim of
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reducing the nutrient loss from the digestate, however, critics believe this may reduce the
economic value of the digestate.
Contrary to the recommendation above, a better approach may possibly be to focus on
increasing nutrient retention capacity of the digestate material (Fagbohungbe et al., 2017).
Recent research efforts surrounding the application of biochar in AD have shown the
possibility to increase the recovery rate of the process during SII and decrease the nutrient
loss prior to and after land application (Mumme et al., 2014; Dickie et al., 2015; Cai et al.,
2016; Sunyoto et al., 2016). The premise behind biochar is that it will potentially increase
the operation of mono-substrate AD, which is often used by single substrate onsite AD
operations, increase nutrient availability during digestate application to land and reduce the
environmental implications of diffuse pollution and nutrient leaching (Fagbohungbe et al.,
2017).
Other operational limitations or challenges of anaerobic digestion include but are not
limited to sludge flotation, digester foaming occurrences, pipe blockages and gas collection
/ handling system clogging (Jeganathan et al., 2006; Shea et al., 2010). The operational
concerns associated with the listed challenges relate to specific conditions when the system
undergoes introduction to organics such as long chain fatty acids (LCFA). These LCFAs
have been demonstrated in experimental observations to support the onset of detrimental
conditions on the methanogenic bacteria when introduced at high organic loading rates
(Shin et al., 2003; Kim et al., 2004). This condition of LCFA overloading with the
combination of a sludge flotation condition / washout has been demonstrated to have a
bactericidal effect on the methanogenic bacteria (Pereira et al., 2004). One observation of
the onset of sludge flotation within the confinements of a upflow anaerobic sludge blanket
(UASB) treatment process occurred at LCFA loading rates that exceed 0.09g COD/g VSS
– d, with a complete flotation occurrence at a final loading rate above 0.2g COD/g VSS –
d (Pereira et al., 2004).
To combat known limitations of biogas formulation associated around anaerobic digestion,
various techniques have been experimentally investigated. One process that has
demonstrated successful outcomes in experimental simulations is the practice of co13

digestion (i.e. co-digestion) (Natural Resource Canada, 2002). The recommendation to
pursue co-digestion techniques has been demonstrated through multiple academic research
initiatives. One example is presented in the works of Alatriste-Mondragon et al., in a 2006
research study. It was shown that through the coupling of anaerobic and co-digestion
techniques, the ability to lower costs and improve overall biogas yield was achievable
(Alatriste-Mondragon et al., 2006). Research experiments have also shown that the
addition (co-digestion) of fats, oils and grease (FOG) into municipal biosolids at a rate of
10-30% (FOG) by volume to a digester feed, it became conceivable that a 30-80% rise in
biogas yield was possible (Bailey, 2007, Muller et al., 2010).
The application of pretreating substrates through the usage of pretreatment technologies
has experimentally proven to provide reductions to anaerobic operational limitations as
well (Dohányos et al., 2004). Included among the commercially available pretreatment
technologies today are thermo-chemical and ultrasonic approaches, both presenting proven
effectiveness and economical flexibility (Valo et al., 2004; Apul and Sanin, 2010).
Historical studies have demonstrated that a 34% increase in methane production from
waste activated streams (WAS), was achieved through the addition of a thermo-chemical
pretreatment approach to an existing system (Kim et al., 2003). The aforementioned
pretreatment technologies have been recognized historically through a multitude of
research efforts to be viable process options within anaerobic digestion systems.
Therefore, inclination to consider when the correct pretreatment technology application
and management practices regarding wastewater treatment plant operational systems are
pursued, the ability to increase biogas yield performance is more than achievable (Hunter
et al., 2012). Ultimately, this strengthens the need for further study of municipal organic
wastes as a potential co-substrate source option to be utilized in the anaerobic co-digestion
process.

2.3

Wastewater Sludge Digestion

Increasing populations, urban land shortages and economic environments have contributed
to wastewater treatment plants being under considerable strain to design ways of treating
high loads of pollution with limited increases to operational plant size (Markis et al., 2014).
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Therefore, finding ways for conventional plants to achieve these new demands requires
both advances in technological and strategical processes for dealing with more
concentrated and complex sludge digestion. Academics such as Slatter, Spinosa and Lotito
previously emphasized the significance in predicting sludge behaviours during the flow
processes of pumping, transportation, chemical conditioning, mixing storage and
dewatering (Slatter et al., 2008). With the rising demands governing authorities are placing
on waste treatment plants operational requirements, the recommendations of Slatter et al.,
(2008) become ever more pressing as we proceed ahead into the future.

2.3.1

Primary Sludge Characterization

Wastewater sludge has been defined by Baroutain et al., (2013), “as the solid residue from
the municipal wastewater treatment process”. Within the waste treatment industry there are
three (3) common types of sludge: primary, secondary (active sludge) and digested sludge.
Primary sludge according to Bhattacharya (1981), is a flocculated mixture of organic and
inorganic matter, holding gas bubbles trapped inside the suspension. Primary sludge is the
product of the primary clarification process of wastewater treatment (Markis et al., 2014).
Bhattacharya also states that the “flow behaviour can be altered dramatically due to
concentration, composition and temperature, making it almost impossible to determine
dimension, shape, size distribution and surface nature of the solid particles in the floc,
because the solid particles have no fixed structure” (Markis, et al., 2014).

2.3.2

Secondary Sludge Characterization

Secondary sludge commonly referred to as activated sludge is the result of the secondary
treatment process, whereby it is removed via flotation and directed to a sludge settler
(Markis et al., 2014). The chemical makeup of secondary sludge is made up of
polysaccharide and protein rich bacteria, alongside microorganisms forming an
extracellular polymeric substance called EPS (Wingender et al., 1999). Wingender et al.,
(1999) claimed that EPS forms a rather three-dimensional gel structure bolstering a
negative surface charge. Other academics, such as, Sutherland & Keiding et al., explain
that secondary sludge behaves as a gel like substance whilst interacting with water and
leads to the formation of flocs (Keiding et al., 2001; Sutherland, 2001).
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Further differences between primary and secondary sludges are their densities, primary
sludge obtains it density through the settling of coarse particles, while secondary sludge
obtains it density through flotation (Markis et al., 2014). The third and final common sludge
is that of digested sludge, the byproduct of the anaerobic digestion process. This digested
sludge is a mixture of both primary and secondary sludge that has been stabilized during
the anaerobic digestion process (Baroutain et al., 2013; Markis et al., 2014).

2.4

Co-Digestion Background

Anaerobic digestion has been identified as a complicated and sensitive process involving
numerous microorganisms with ultimate operational environmental conditions (Hagos et
al., 2017). Experimental research has studied ways to advance the AD process on biogas
production through the application of different biomass as mono-substrates (Khalid et al.,
2011; Babaee et al., 2013; Salminen & Rintala, 2002). The anaerobic digestion of single
substrates traditionally has faced drawbacks linked to substrate characteristics. These
drawbacks can be connected to the direct utilization of substrates being problematic due to
nutritional imbalance, lack of diversified microorganisms and the effect of operational
factors (Hagos et al., 2017).
To overcome historically identified ‘difficulties’ the co-digestion process has been
recommended to be incorporated into anaerobic digestion. Examples of co-digestion would
include the mixing of agricultural byproduct with live-stock manure (Mata-Alvarez et al.,
2000; Hagos et al., 2017). This combination called anaerobic co-digestion (AcoD), has
been identify as being widely applied to enhance biogas production of digesters (Hagos et
al., 2017). AcoD is the simultaneous AD of two or more substrates and has been identified
as being a promising option to overcome disadvantages of mono-digestion and improve
economic viability of AD plants through increased methane production (Hago et al., 2017).
Significant research has been completed around the co-digestion of different combinations
of municipal, industrial, agricultural and farming waste substrate sources (Astals et al.,
2011; Cavinato et al., 2010; Hubenov et al., 2010; Kacprzak et al., 2010).
Research efforts have identified the main advantage of the AcoD process to be the
improvement of biogas production and methane yield (Hagos et al., 2017). Additionally to
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the biogas production increases AcoD provides multiple important beneficiaries such as:
(i) improve the process stabilization, (ii) dilution of inhibitory substances, (iii) nutrient
balance, (iv) accomplishment of the required moisture contents in the digester feed, (v)
reducing the emission of greenhouse gases to the atmosphere, (vi) synergetic effects on
microorganisms, (vii) and economic advantages from the fact of sharing apparatus and
costs (Mata-Alvarez et al., 2011; Mata-Alvaez et al., 2014; Astals et al., 2014; Shah et al.,
2015; Holm-Nielsen et al., 2009; Jagadabhi et al., 2008; Hagos et al., 2017).
Type of digester, pretreatment and co-digestion are all main factors that affect the biogas
production capabilities of anaerobic digestion systems (Hagos et al., 2017). While
undergoing co-digestion of two or more organic materials, the necessity to properly
manage these substrates to increase biogas as compared to mono-digestion is critical
(Hagos et al., 2017). When co-digestion and mono-digestion production results are
compared when AD processing of the same substrates are undergone it has been found that
co-digestion can achieve 25% to 400% biogas production enhancement over monodigestion (Astals et al., 2014; Shah et al., 2015). The research findings of academics such
as Astals (2014) and Shah (2015) highlight the promising technological capabilities that
co-digestion can impose on an AD system to process organic wastes. It is believed the
ability of co-digestion to enhance biogas productions from AD of organic wastes is linked
to the establishment of good synergisms in the digestion reactor, and its overall economic
feasibility (Hagos et al., 2017).
However, difficulty to enhance AcoD systems in one-stage digester structures is
troublesome, due from the metabolic properties, nutritional requirements, growth rates and
optimum operational factors being significantly different (Hubenov et al., 2015; Kacprzak
et al., 2010). The two-stage system of AD of biogas production appears to be of a more
efficient process and have resultantly been applied to solve the problems (Demirel et al.,
2002; Muha et al., 2013). Despite the associated advantages of AcoD, the system is a
challenging organic waste treatment process, stability and optimization problems cannot
solve yet even using two-stage technologies (Hagos et al., 2017). Hence, expanding
experimental evidence surrounding various co-substrate sources and their corresponding
disadvantages currently provides significant value to this field of academic literature.
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2.4.1

Animal Manure as a Substrate Option

Municipalities that are home to a high productivity of agricultural activity have seen
anaerobic digestion become a widely applied technology within wastewater treatment plant
operations (Mata-Alvarez et al., 2011). The availability of animal manure due to the
practices associated with conventional farming techniques have made the substance an
easily available material to obtain for co-digestion purposes (Frigon et al., 2012).
Traditionally, as a standalone substrate manure sources have shown to yield poor returns
in respects to methane production capabilities, however, when combined in a co-digestion
environment, their ability to become a cost-effective option and improve plant productivity
drastically rises (Banks et al., 2011).
When undergoing manure as a co-substrate option for co-digestion the modeling can be
presented in respects of two plant style options. The first is a centralized plant, which codigests manures that are collected from several farming sites and are combined with
organic residues from industry and or townships around the area (Heaven and Riley et al.,
2011). The second is on-site plants that co-digest manures combined with other on-site
farming wastes (Heaven and Riley et al., 2011), and is a more individually applied activity.
The downfall to date presented in literature available around manure and farming wastes
for anaerobic co-digestion is around the seasonal availability of the substrates and the
presence of pathogens within the manure’s chemical makeup. Therefore, interest into
sources of substrates that are seasonally available and high in organic makeup are of more
interest at this time. Research efforts have previously emphasized one possible substrate
option to be that of industrial wastes, due to being rich in organic makeup and readily
biodegradable (Frigon et al., 2012).

2.4.2

Sewage Sludge as a Substrate Option

Literature from the early parts of the past decade have outlined sewage sludge (SS) as the
second main substrate option for anaerobic co-digestion purposes. Between the years of
2010 and 2013, an extensive quantity of research was produced around the ability of FOG
to perform as a SS co-substrate option (Mata-Alvarz, et al., 2013). During this timeframe,
research efforts around the viability of fruit and vegetable waste (FVW) as co-substrate
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options as well surfaced amongst the experimental research field, however not to the same
demand as FOG.
The low organic loading associated with sewage sludge combined with a possible non-used
capacity of digesters of up to 30% is the rationale behind why SS is to be sought after as a
viable co-digestion option (Cuetos et al., 2010). The chemical and organic makeup of SS
is characterized by relatively low carbon/nitrogen (C/N) ratios and high buffer capacities,
making it able to stand co-substrates with high amount of easily biodegradable organic
matter with low alkalinity values (Astals et al., 2013). Other benefits of the use of SS
substrates as a co-digestion option are their ability to lead to the dilution of undesired
compounds, such as, heavy metals pharmaceuticals and / or pathogens (Astals et al., 2013).
Research efforts historically around SS as a co-substrate option have presented a
convincing case for why municipalities use this substrate as a main source for co-digestion.
Experimental research has largely be dedicated to SS viability as a co-substrate option,
therefore, expanding research to advance discoveries that can be used for critical
comparison review regarding FVW and other biowastes is of interest to both academic and
industry alike.

2.4.3

Food Waste as a Substrate Option

It has been estimated that each year nearly 1.3 billion tons of the world’s food production
is lost or wasted through the food supply chain, leading to tremendous social, economic
and environmental problems (Browne and Murphy, 2013; FAO, 2011; Papargyropoulou et
al., 2014; Xu et al., 2018). Traditional handling of food waste (FW) provides the benefit of
reducing stress from garbage siege, however, emerging complications include rising costs
of disposal, lack of useable land space, groundwater pollution by leachate, and the emission
of toxic and greenhouse gases (Uckun Kiran and Liu, 2015). Considering these negative
environmental impacts associated with landfilling, incineration, or compositing (Lin et al.,
2013; Posmanik et al., 2017; Xu et al., 2018), AD has been proposed as a cost-effective
option for renewable energy production and waste treatment of FW substrates (Xu et al.,
2015).
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AD is considered a relatively mature and widely applied technology in the treatment of
high-strength wastewater, sewage sludge and animal manure (Xu et al., 2018). According
to Xu et al., (2018) the implementation of AD for food waste management processing still
faces several technical, economic, and social challenges, such as volatile fatty acid (VFA)
accumulation, process instability, foaming, low buffer capacity, and high cost of
transportation / operation. In 2016, the U.S. estimated that less than 2% of produced food
wastes within the country were being anaerobically digested on a yearly basis (Food Waste
Reduction Alliance, 2016). Recent research has identified that food wastes potential to
advance bioenergy production within AD systems is more than achievable, however,
innovative solutions are desired to solve the challenges that food waste pose within AD
systems (Dung et al., 2014; Paritosh et al., 2017; Zhan et al., 2014). Thus, it is necessary
to not only identify current challenges that FW create for AD but provide solutions through
furthering research into the technology capabilities, while promoting wide scale
application of FW substrate sources (Xu et al., 2018).
FW sources have a wide-ranging generation source from the food supply chain, this
includes production, processing, distribution, storage, sale, preparation, cooking, and
serving of food (Food Waste Reduction Alliance, 2016). An outline of current food waste
destinations is provided in Figure 2 below.
Figure 2. Classification of Food Waste and The Preferred Recycle Route (BSR,
2014; FAO, 2011; Lin et al., 2013; Lipinski et al., 2013)
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FW collected during the production and processing stages contain higher quality and
simpler compositional values, allowing for easier diversion to produce animal feed,
chemicals and fuels (Xu., et al., 2018). Anaerobic digestion, however, is suitable for all
types of food production and processing wastes. The preferred option is to use AD as a
final treatment method for impure and low-quality food waste and wastewater that cannot
be economically recycled (Xu et al., 2018). FW originating from the consumer end
(restaurants, beverage shops, homes) has been identified as having the lowest recycling
rate (Food Waste Reduction Alliance, 2016; Xu et al., 2018). An estimated 90% of catering
food wastes are potentially recyclable, however, due to reasons of logistics, health and
safety, traditions, and poor traceability, the recycling rate of restaurant FW was reported to
be between 15-17% (Food Waste Reduction Alliance, 2016; Kojima and Ishikawa, 2013;
USEPA, 2012). Waste from cooking oil at the consumer stage is one of the major food
wastes currently recovered, due from the wastes high potential in being converted into
biodiesel or chemical materials (Lin et al., 2013). Most other types of consumer food
wastes contain high variability and impurity, resulting in AD being considered the best
treatment / disposal option (Xu et al., 2018).
Figure 3. Composition of Food Waste Generated from The Production Stage (a) and
Consumer Stage (b) (FAO, 2011).

The composition of pre-consumer food waste is comprised mainly of fruits and vegetables,
roots and tubers, and cereals (Figure 3.a), including harvest residues and processing by21

products (husks, peels, pomace, vegetable oil) (FAO, 2011; Xu et al., 2018). Important
sources of starch, protein, sugars, lipids, dietary fibres, mineral acids, inorganic compounds
are comprised within these waste streams (Lin et al., 2013). They are however, preferred
to be processed to animal feed, or alternatively, used to extract or synthesize high-demand
chemicals for the food, pharmaceutical and cosmetic industries (Lin et al., 2013). Lower
quality and contaminated food wastes and the residues and wastewater from the food waste
valorization process, however, can be treated by AD to produce methane for energy (Xu et
al., 2018). Consumer waste stages in contrast to the pre-consumer stage are mainly
comprised of cereals, while percentages of dairy and meat are higher compared to
production stage food wastes, which is assumed to lead to a higher protein content in the
consumer food waste stage (see Figure. 3b) (Xu et al., 2018).
Research efforts comprised to date have been able to provide compositions and methane
potential of some common food waste streams (see Table. 1). Total solids (TS) content
associated with food waste range widely from dilute liquid (< 2% for some food processing
wastewater) to solid (> 90% for waste pet foods and expired retail foods) (Xu et al., 2018).
However, organic content of FW, relating to the VS/TS (VS, volatile solids) ratio is
generally considered to be around 90%, demonstrating a relatively high potential for
biological treatment of the substrate (Li et al., 2013; Zhang et al., 2014). FW
characteristics, however, exhibit relatively high pH values, that consume digester alkalinity
and negatively impact the AD process (Xu et al., 2018). Other associated downfalls with
FW substrates have to do with high variability of different sources, processing and handling
methods, eating habits, culture, climate and seasonality (Meng et al., 2015). Fruits and
vegetable residues for example, can be highly different, food wastes from quick-service
and full-services restaurants can also exhibit highly variable profiles (Food Waste
Reduction Alliance, 2016). To combat identified operational challenges, engineers have
been tasked with designing AD systems to handle each specific food waste in a way to
obtain optimal treatment efficiency (Xu et al., 2018).
Presently, anaerobic digestion of food wastes faces many technical, economic, and social
challenges. One technical challenge however, that has been identified through research as
being particularly daunting is the lack of concise process control and optimization
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(Grimberg et al., 2015). Grimberg et al., (2015) identified that when this lack of concise
process control and optimization occurs, harmful intermediate compounds can be easily
produced, reducing system stability and causing low methane yield or foaming conditions.
A commonly identified system instability in literature is that of the rapid conversion of
easily digestible food wastes to VFAs at an early stage of the digestion process, which
results in a drastic pH drop if no sufficient buffering capacity is present (Banks et al., 2011;
Chen et al., 2008; Zhang et al., 2012). FW being high in protein and lipids content has been
known to easily lead to inhibitory levels of ammonia, hydrogen sulfide, and long chain
fatty acids (Chen et al., 2008), or cause digester foaming (Subramanian and Pagilla, 2015).
Therefore, to combat these known limitations, AD of food wastes should occur at low
organic loading rates (OLR) of 2-3 g/L/d of chemical oxygen demand (COD) to prevent
process failure (Hecht and Griehl, 2009).
Anaerobic digestion systems typically require strenuous capital investment and revenues
are mainly attained through tipping fees or organic waste collection and selling of
electricity and methane generation (Xu et al., 2018). Therefore, increasing food waste
loading of AD systems and overall operational stability of the system is critical for
economic viability of AD of food waste (Xu et al., 2018). One opportunity to enable FW
being a more sought-after inclusion into AD processes incorporates applying the practice
of co-digestion. The co-digestion of animal manure or sewage sludge is a common practice
for AD of FW as these substrates (manure and sewage sludge) can provide alkalinity and
micronutrients required for the AD process (Xu et al., 2018). Further research has indicated
that co-digestion of FW with manure, sewage sludge, and lignocellulosic biomass can be
beneficial due to dilution of toxic chemicals, enhanced balance of nutrients, and synergistic
effects on microorganisms (Zhang et al., 2014). These co-substrates when combined with
FW can provide micro-nutrients and alkalinity as previously discussed. The benefits
associated with this are the ability to overcome disadvantages in single digestion of food
waste, more efficient use of equipment and sharing of costs by processing multiple waste
streams in a single facility (Alastriste-Mondragon et al., 2016; Xu et al., 2018). Therefore,
co-digestion as a technique to combat the operational challenges associated with FW

23

substrates has supporting evidence to improve digestion efficiency and process
performance of AD (Alastriste-Mondragon et al., 2016).
Another major solution to improving AD system performance regarding FW inclusion into
the feedstock of AD system is through advances to digester design. Advancing digester
design and operating strategies to enhance OLR, methane yield, and stability of AD
systems fed with FW has been shown in research to act as a viable means in reducing
known challenges of FW substrates (Grimberg et al., 2015; Xu et al., 2018). Grimberg et
al., (2015) identified a solution to the problem of fast acidification of food waste and the
inhibition to methanogens being the adoption of a two-stage system. The two-stage process
has been identified to holster a more advanced anaerobic digestion process system
configuration for the enhancement of substrate hydrolysis and biogas production (Parawira
et al., 2008). Within the two-stage system the acid production and methane production are
separated into two reactors to prevent pH inhibition issues normally associated with onestage systems (Grimberg et al., 2015). In a two-stage system, the first stage is usually
maintained at an acidic pH of 5.5-6.5 and a short hydraulic retention time (HRT) or 2-3
days for acid fermentation (Zhang et al., 2017). The second stage is then usually operated
with an HRT of 20-30 days with a pH between 6-8, with the purpose of facilitating the
proliferation of slow-growing methanogenic archaea (Zhang et al., 2013). The two-stage
system has been proven and tested for more than 20 years or so, with various improvements
and modifications being implemented to the system (see Figure. 4).
Figure 4. Comparisons between one-stage and two-stage AD systems (ATEBST,
2015; Xu et al., 2018)
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One modification to two-stage AD systems that has been incorporated is the adoption of
temperature-phased anaerobic digestion (TPAD) systems, where temperature of the twostages is different (Xu et al., 2018). Wu et al., (2015), designed a thermophilic (stage 1)mesophilic (stage 2) TPAD system for the digestion of oily food waste because
thermophilic temperatures are believed to enhance hydrolysis and allows a higher OLR of
lipids, while mesophilic temperatures are believed to be more conducive for
methanogenesis. Experimental results showed recycling the effluent from the second
stage to the first was required to keep the pH above 5.0, otherwise a pH below 4.0
occurred in the first stage resulting in poor hydrolysis (Wu et al., 2015). Overall, the twostage system did not obtain higher methane yields when compared to the one-stage
system, but methane content in the second stage was observed to be higher than in the
one-stage system, and hydrogen (50 L/kg VS added), which provides potential value, was
produced in the first stage (Wu et al., 2015).
A second modification of the two-stage system is to incorporate different high-rate
reactors as the second stage to reduce digestion time (Xu et al., 2018). A comparison of
an upflow anaerobic structured-bed reactor (ASTBR) with an upflow anaerobic sludge
blanket (UASB) reactor as the methanogenic phase to treat sugarcane vinasse was
completed by Fuess et al., (2017). At an OLR of 15 to 30 kg COD m -3 d -1, the ASTBR
exhibited a stable long-term operation (240 days) and a respectable COD removal of
higher than 80% (Fuess et al., 2017). The UASB operated under the same condition and
was found to suffer from propionic acid accumulation (Fuess et al., 2017). The delivery
of bicarbonate alkalinity was determined to be a key factor in obtaining stable
performance of AD (Xu et al., 2018). Overall efficiency of multi-stage systems has been
determined to be highly affected by pH of the hydrolysis stage, which is determined by
the OLR, substrate type, process control, and many other factors (Xu et al., 2018). It was
concluded that based on these studies, the two-stage systems are generally effective in
enhancing process stability, substrate degradation, and methane yield (Demirel and
Yenigun, 2002; Voelklein et al., 2016).
To summarize, advantages of multi-stage systems over single-stages ones depend on
operation and characteristics of the substrates. The requirement for further research to
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improve process design and optimization is still crucial for FW to be considered a staple
inclusion into AD systems feedstocks. AD is unquestionably a promising technology for
conversion of food wastes to energy (Xu et al., 2018). However, underlying technical and
economic challenges, such as VFA accumulation, process instability, foaming, low buffer
capacity, and high financial cost still prevent the widespread application of food waste to
AD systems globally (Xu et al., 2018). Ways of combating these known challenges of
FW, include but are not limited to co-digestion, addition of micronutrients and
antifoaming agents’ application. Despite positive results through many research efforts to
date, further research is still required to not only understand FW within AD systems but
improve the substrates overall operational capabilities. Thus, it has been recommended
that a collaborative effort between academia, industry and government be pursued to
enable the widespread application of this technology (Xu et al., 2018).

2.5

Pretreatment Background for Anaerobic Digestion

Since 2011, pretreatment technology experimental research has undergone considerable
expansion. This rise in available literature is assumed to be related to the increasing usage
rate of easily biodegradable co-substrates by municipal wastewater treatment plants
(MWWTP) in their digestion feedstocks (Mata-Alvarez et al., 2013). In 2014, a journal
article reviewed the influx of literary research publications surrounding pretreatment
technologies. After review of the literature available today on pretreatment technologies
the break down goes as follows: mechanical pretreatments (33%), thermal pretreatments
(24%) and chemical pretreatments (21%), according to Mata-Alvarez et al., in a 2014
journal written by the authors.
Pretreatment processes are designed to render substrate characteristics more readily
biodegradable before entering the digestion process, leading to increases in overall
methane production (Bank & Hoffman, 2011). Early focus of pretreatment experimental
research and commercial application was aimed around single substrate analysis.
Assumptions for this singular substrate focus can be associated with additional costs and
capital expenses that would be incurred in plant operations to pretreat such large volumes
before the anaerobic digestion processing is undergone (Blank & Hoffman, 2011).
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Therefore, a desire by industry to gain access to financially viable pretreatment
technologies that have the ability to treat large volumes and assortments of organics is
currently highly sought-after.

2.5.1

Mechanical/Ultrasonic Pretreatment

Mechanical pretreatment (MP) can be defined as “the breakdown or crushing of substrates
particles” (Jain et al., 2015). Due to this ‘breakdown’ there is an increase in the surface
area (specific), which will be responsible for providing better contact between substrate
and inoculum (anaerobic bacteria) leading ultimately to an enhanced AD process (Carrere
et al., 2015; Elliot & Mahmood, 2012; Skiadas et al., 2005). Research in the field of MP is
quite substantial, results of studies have identified that particle size is inversely
proportional to the rate of maximum substrate utilization. Specifically, Esposito et al.,
(2011) and Kim et al., (2000), have identified evidence that larger particle size outcome
results in reduction of methane yield, due to decrease in degradation of chemical oxygen
demand (COD). Thereby supporting the conclusion of the inversely proportional
relationship to be credible.
There are currently a multitude of MP technologies available on the market including:
sonication, lysis-centrifuge, liquid shear, collision, high-pressure homogenizer,
maceration, and liquefaction (Hartman et al., 2000; Jain et al., 2015). AD being continually
identified as a process suitable for treatment of organic wastes creates pressure for
engineers and scientists to resolve operational challenges associated with the technology.
Two major limitations identified that engineers and scientists must address is to develop
ways to overcome the rate limiting steps of hydroloysis and methanogenesis (Maxime,
2008). Substrates such as lignocellulosic materials are resistant to AD and have been
identified to influence the operational biodegradability within the system (Karouach et al.,
2020). Therefore, pretreatment of lignocellulosic matter to improve physical accessibility
to microbes and/or hydrolyse constituent compounds is considered critical for optimization
of AD processing (Fernandes et al., 2009). Table (1) provides mechanical pretreatment
done by various researcher with associated findings for various substrate sources.
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Table 1. MP Done by Various Researchers with Findings (Jain et al., 2015)
S. no.

Substrate

Findings

Reference

1

Organic fraction of municipal solid waste

Larger particle radius results in lower chemical oxygen demand (COD) degradation which further results in lower methane production
rate

Esposito et al., 2011

2

Food Waste

Particle size is inversely proportional to the maximum substrate utilization rate of the anaerobic microbes

Kim et al., 2000

3

Pulp and Paper

Sonication pretreatment generated by a vibrating probe mechanically disrupts the cell structure and floc matrix

Elliot and Mahmood, 2007

4

Waste Activated Sludge

High-frequency sound waves also cause the formation of radicals such as OH*, HO*2, H*, which results in oxidation of solid substance

Bougrier et al., 2006

5

Municipal Solid Waste

Rotary drum is found as an effective technology for OFMSW separation and pretreatment prior to AD, which could enhance the biogas
production by 18–36%

Subramani and Ponkumar et al., 2012; Zhu et al.,
2009

6

Organic fraction of municipal solid waste

Davidson et al. found small variations in both methane yields per g VS (gram volatile solids) and content of methane in biogas after
pretreatment

Davidson et al., 2007

7

Organic fraction of municipal solid waste

No significant enhancement is found with mechanical pretreatment methods

Zhang and Banks, 2013

8

Organic fraction of municipal solid waste

Shredder with magnetic separation method yielded a higher (5.6–13.8% as compared to the other methods) methane production

Hansen et al., 2007

9

Food Waste

The screw press pretreatment method also result in a loss of biodegradable materials and nutrients, even though it enhances the biogas
production in genera

Bernstad et al., 2013

10

Food Waste

Size reduction through a beads mill resulted in a 40% higher COD solubilization, which led to a 28% higher biogas production yield

Izumi et al., 2010

11

Organic Waste

As the methanogens are sensitive to acidic intermediates, excessive size reduction may result in a decreased AD process performance

Li, Park and Zhu, 2011

12

Municipal solid waste

Electroporation pretreatment of OFMSW resulted in 20-40% higher biogas production

Carlsson and Anox et al., 2008

13

Sludge

Liquefaction resulted in 15-26% higher biogas production

Carrere et al., 2010

14

Organic fraction of municipal solid waste

Sonication resulted in 16% higher cumulative biogas production as compared to untreated substrates

Cesaro and Belgiorno et al., 2013

15

Organic solid waste

Size reduction up to 0.35 mm resulted in a 20% increase, and no significant difference was observed with further size reduction

Angelidaki and Ahring, 2000; Ariunbaatar et al.,
2014; Engelhart et al., 2000; Hendriks and
Zeeman et al., 2009

16

Sewage sludge

Achieved a 25% increased VS reduction with HPH method

Engelhart et al., 2000

17

Waste activated sludge

Studied sonication of waste activated sludge (WAS) and obtained only a negligible increase in both VS destruction and mesophilic
methane production

Aneglidaki and Ahring, 2000; Ariunbaatar et al.,
2014; Engelhart et al., 2000; Hendriks and
Zeeman, 2009; Sandino et al., 2005
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Various treatment options have been reported to enable increases of biodegradability of
substrates, leading to a more optimized biogas production outcome (Karouach et al., 2020).
Included in these various methods are chemical, biological, thermal and mechanical
pretreatment options. Mechanical Pretreatment (MP) and Ultrasonic Pretreatment (UP)
have demonstrated through research to be able to enhance the solubilization of substrates
and promote the hydrolysis phase, optimizing biogas yield and biodegradability during the
AD process (Lizama et al., 2017; Zeynali et al., 2017). Research efforts have historically
focused UP studies around the substrate source of sewage sludge (Jingxing et al., 2009;
Karouach et al., 2020). MP or physical pretreatment on the other hand has experienced a
particular focus on organic household wastes (Karouach et al., 2020; Menardo et al., 2011).
Karouach et al., (2020), underwent a study to evaluate the AD efficiency and stability of
using a household organic waste fraction (HOWF) source under combined mechanical and
ultrasonic pretreatment (CMUP) in a continuous stirred-tank reactor (CSTR) system. The
evaluation of the combined treatment impact on biodegradability and methane yield during
the process under mesophilic conditions in a semi-batch operation was reviewed (Karouach
et al., 2020). The experiment placed organic fraction of household waste (OFHW) under
previous mechanical treatment (grinding), to reduce particle size, homogenize the substrate
and facilitate digester feeding (Karouach et al., 2020). The study by Karouach et al., (2020)
identified that AD of HOWF with a combined mechanical-ultrasonic pretreatment for 24
minutes was stable and reached a methane production yield of 496 (mLCH4g-1VS). It was
further found that UP improved the substrate degradation and methane production
respectively by 14% and 29% (Karouach et al., 2020). In conclusion. Karouach et al.,
(2020), found that the proposed combination of CMUP was an effective way to improve
HOWF methane production and biodegradability.

2.5.2

Thermal Pretreatment

Thermal pretreatment has been identified through research to be one of the most common
and successful pretreatment applications for industrial site application (Carlsson,
Lagerkvist and Morgan-Sagastume, 2012; Cesaro and Belgiorno, 2014; Carrere et al.,
2010). The process of thermal pretreatment (TP) leads to pathogen removal, improvement
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in dewatering performance and a reduction in viscosity of digestate with an overall
enhancing of digestate handling (Carlsson, Lagerkvist and Morgan-Sagastume, 2012;
Edelmann, Baier and Engeli, 2005; Val del Rio et al., 2011). Thermal pretreatment has
demonstrated wide range application in the field of anaerobic digestion. Research
endeavors into the technologies functionality and commercial applicability have observed
steam explosion to offer the highest return on investment when it directly correlates to the
increasing effects of specific methane production (SMP) on different lignocellulosic wastes
(Horn et al., 2011).
The process itself incorporates the application of high temperature (150 – 250 ℃) bursts
for seconds at a time over several minute intervals, following this is a rapid pressure drop
or explosion (Vivekanand et al., 2013). The objectives of this pretreatment approach are to
‘open’ the lignocellulosic structure causing a reduction of the sample crystallinity, creating
a release of soluble compounds and improving accessible surface area of the
materials/organics (Vivekanand et al., 2013). Experimental research regarding 13 separate
conditional experiments with birch (Betula pubescens) was undertaken by Vivekanand et
al., (2013). Following the experiments, it was demonstrated that the highest recorded SMP
(1.8 times greater than the untreated birch) occurred when the sample was pretreated at a
temperature of 220℃ for 10-minute intervals (Vivekanand et al., 2013). Table (2) provides
thermal pretreatment done by various researchers with associated findings for various
substrate sources.
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Table 2. TP Done by various Researchers with Findings (Jain et al., 2015)
S. no.

Substrate

Findings

Reference

1

Organic fraction of municipal solid waste

Leads to pathogen removal, improves dewatering performance and reduces viscosity of the digestate, with subsequent enhancement of
digestate handling

Carlsson et al., 2012; Edelmann et al., 2005; Liu
et al., 2012; Val del Rio et al., 2011

2

Sludge, Kitchen Waste

Disintegration of cell membranes, thus resulting in solubilization of organic compounds

Bien et al., 2004; Ferrer et al., 2008; Marin et al.,
2010

3

Waste Activated Sludge

Compared the different thermal pretreatment methods and found no significant difference between steam and electric heating, whereas
microwave heating solubilized more biopolymers

Mottet et al., 2009

4

Anaerobic sludge, Kitchen waste

Higher rate of solubilization with microwave pretreatment can be caused by the polarization of macromolecules

Marin et al., 2010; Toreci et al., 2009

5

Organic solid waste

Thermal pretreatment at high temperatures (>170℃) might lead to the creation of chemical bonds and result in the agglomeration of
the particles

Bougrier et al., 2006

6

Sludge

Thermal pretreatment at temperatures below 100℃ did not result in degradation of complex molecules, but it simply induces the
deflocculation of macromolecules

Proto et al., 2011

7

Sludge

Thermal pretreatment resulted in the solubilization of proteins and increased the removal of particulate carbohydrates

Neyens and Baeyens, 2003

8

Sludge

Thermal pretreatment of sludge even at lower temperature (70℃) has a decisive effect on pathogen removal

Skiadas et al., 2005

9

Sludge

Negligible increase of biogas production from sludge pretreated at 70℃ for 60 min

Appels et al., 2010

10

Sludge

Biogas production was improved 20 times when applying a 60-minute pretreatment at 90℃

Appels et al., 2010

11

Organic Waste

Achieved a maximal enhancement of 78% higher biogas production with a 60% methane content by pretreatment at 70℃

Rafique et al., 2010

12

Sludge

30% higher biogas production with a 69% methane content by pretreatment at 70℃

Ferrer et al., 2008

13

Sludge

Obtained a 50% biogas volume increase with pretreatment at 70℃ prior to thermophilic AD

Climent et al., 2007

14

Fruit and Vegetable Wastes

Obtained a 7.9-11.7% decrease of the biomethane production, respectively, due to the formation of melanoidins at 175℃

Liu et al., 2012

15

Kitchen Waste

Obtained a 24% increase of the biomethane production with FW pretreated at 120℃

Ma et al., 2011
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Consensus around thermal pretreatment methods appear to historically presume that steam
explosion is the most feasible pretreatment option that has demonstrated successful
experimental and commercial application for increase in biogas formulation (Taherzadeh
et al., 2008). These assumptions were later reconfirmed when research demonstrated the
technology offering reasonable returns when undergoing a techno-economic analysis.
Shafiei et al., (2013), demonstrated the technology integration into existing plant structure
average a 13% higher original capital cost that coincided with a 36% reduction in
manufacturing fees due from estimated methane production findings. Operational benefits
aside, one major drawback associated with the technology is limited ability to be applied
to the large assortment of waste substrates for pretreatment processing.

2.5.3

Chemical Pretreatment

Chemical Pretreatment (CP) can be defined as “the destruction of the organic compounds
by means of strong acids, alkalis or oxidants” (Jain et al., 2015). AD typically requires an
adjustment of pH by increasing of alkalinity, therefore, an alkali pretreatment is the
preferred CP method (Li et al., 2012). It has been identified that during alkali pretreatment
the most important reactions that take place are that of solvation and saphonication (induces
enlargement of solid particles) (Carlsson et al., 2012).
Historically, successful results associated with the technology have been demonstrated to
occur when the technology is coupled with this alkaline pretreatment approach (Carrere et
al., 2012). Carrere’s et al., (2012) experiment where a pretreated mixture of fatty
wastewater and WAS at 80℃ was completed with 0.14kg KOH/kg of VS with a pH of 8
recorded a 58% increase in biogas formulation. The successful results of the application of
an alkali pretreatment application can be associated with specific surface area exposure
increasing, allowing for substrates to thus be easily accessible for anaerobic microbes
(Hendriks and Zeeman, 2009; Lopez and Espinosa, 2008; Modenback and Nokes, 2012).
Table (3) provides chemical pretreatment done by various researchers with associated
findings for various substrate sources.
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Table 3. CP done by Various Researchers with Findings (Jain et al., 2015)
S. no.

Substrate

Findings

Reference

1

Sludge

Alkali pretreatment is the preferred chemical method

Modenback and Nokes, 2012

2

Crop residues, fruit, vegetable waste

Chemical pretreatment is not suitable for easily biodegradable substrates containing high amounts of carbohydrates

Wang et al., 2011

3

Lignocellulosic biomass

Chemical pretreatment can have a clear positive effect on substrates rich in lignin

Fernandes et al., 2009

4

Lignocellulosic biomass

In alkali pretreatment specific surface area is increased and the substrates are easily accessible to anaerobic microbes

Hendriks and Zeeman, 2009; Lopez Torres and
Espinosa, 2008; Modenback and Nokes, 2012;

5

Rice Straw

Acid pretreatment is more desirable for lignocellulosic substrates

Mussoline et al., 2013

6

Lignocellulosic biomass, organic fraction
of municipal solid waste

During acid pretreatment, hydrolysis of hemicellulose occur into perspective monosaccharides, while the lignin condensates and
precipitates

Hendriks and Zeeman, 2009; Mata-Alvarez, 2003

7

Lignocellulosic biomass

Acid pretreatment is an expensive process due to high cost of acids and the additional cost for neutralizing the acidic conditions prior
to the AD process

Kumar and Murthy, 2011; Modenbach and Nokes,
2012; Taherzadeh and Karimi, 2008

8

Waste water

Sodium is more toxic to propionic acid utilizing bacteria as compared to other VFA degrading bacteria

Soto et al., 1993

9

Sludge

The inhibitory level of the potassium ion starts at 400 mg/L, though anaerobic microbes are able to tolerate up to 8 g/L potassium

Basharat et al., 2004

10

Organic waste

The potassium ion is more toxic to thermophilic anaerobes as compared to mesophilic or psychrophilic anaerobes

Chen et al., 2008

11

Sludge

The optimum concentrations of calcium and magnesium ions have been reported to be 200 mg/L and720 mg/L, respectively

Kugelman and McCarty, 1965; Schmidt and
Ahring, 1993

12

Kitchen waste

Excessive amounts of calcium ions can cause precipitation of carbonates and phosphates, which results in scaling of the reactors,
pipes, and biomass

Zhang et al., 2005

13

Sludge

High concentrations (4100 mM) of the magnesium ion can cause disaggregation of methanogens

Schmidt and Ahring, 1993

14

Food Wastes

Fe was the most effective metal for stabilization of the AD process

Zhang and Jahng, 2012

15

Food Waste

Achieved a 45-65% higher methane production yield form FW with supplementation of a trace metals

Facchin et al., 2013

16

Organic waste

Achieved 100% of the production with alkaline (0.3 g NaOH/g TS) pretreated

Neves et al., 2006
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Other CP methods used to enhance biogas yield and improve hydrolysis rate include acid
pretreatments (AP) and oxidative methods (Jain et al., 2015). AP has been identified in being more
useful for substrates with high lignocellulosic contents (Mussoline et al., 2013). The AP method
is successfully able to break down the lignin, as well as, the hydrolytic microbes are capable of
acclimating to acidic conditions (Mussoline et al., 2013). The most critical reaction to occur during
AP is the hydrolysis of hemicellulose into monosaccharides, while lignin condensates and
precipitates (Hendriks and Zeeman, 2009; Mata-Alvarez, 2003). Limitations of AP have been
identified as being the production of inhibitory byproducts through strong acidic exposure, such
as furfural and hydroxymethylfurfural (HMF) (Modenback and Nokes, 2012). Therefore, the
application of strong AP is escaped and generally pretreatment is completed with dilute acids in
combination with thermal methods (Jain et al., 2015).
Concerns noted around the application of chemical pretreatments coupled with alkaline relate to
chemical purchasing costs and the cation (sodium or potassium) levels in digesters leading to
inhibition conditions (Hidalgo et al., 2012). Therefore, chemical dosage regulation should be
monitored and controlled to avoid preventable onset of process inhibition within wastewater
treatment plant digesters.

2.6

Anaerobic Co-Digestion Modeling

Due from associated costs of developing pilot or commercial plant co-digestion experimental
testing programs, the application of modeling AD systems should, therefore, be strongly be
considered. The ability of anaerobic co-digestion simulation through computer modeling efforts
to examine varying co-substrate and pretreatment technologies saves both time and money. Before
2014, minimal attention to modeling of the AcoD process had materialized (Mata-Alvarez, 2014).
Recommendations to pursue AcoD modeling, however, bolster more than just financial and time
constraint benefits. Importance surrounding AcoD modeling is to reliably predict in clear and
quantifiable manners the effects of the mixing of two or more waste sources in a digester, while
removing potentially detrimental impacts from the inclusion of materials based on random or
heuristics decisions into commercially functioning digester systems (Astals et al., 2011; MataAlvarez, 2014). The ability of models to experimentally examine co-substrate selection and dosage
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rate recommendations ultimately shelters commercially viable plants from unwarranted costs and
operational downtime from system failures (Esposito et al., 2012).
Major advantages in modeling the AcoD process include: the ability to facilitate prediction in a
quantifiable way, determining the effect of co-digestion of wastes on process efficiency and
ultimately avoid drawbacks arising from empirical evaluations (Mata-Alvarez et al., 2011; Tyagi
et al., 2018). Other benefits are the ability to save financial resources and time expended through
laboratory research surrounding selection of co-substrates and mix ratios (Esposito et al., 2008).
Research has identified that the application of a two-way approach to be helpful in achieving
higher biogas yield and process stability, reducing capital and operational costs (Bozinis, Alexiou
and Pistikopoulos, 1996). Tyagi et al., (2018) explain this this two-way approach to involve: (1)
experimental studies to develop a mathematical model for degradation of wastes co-mixed at
different ratios, and (2) development of a model which can describe the degradation rate of wastes
in different mixtures. Table (4) provides a summarization of various research attempts at
mathematical modeling of the AcoD process.
Defining a comprehensive analysis of substrate composition has continually been identified as a
critical factor in successful modeling application (Tyagi et al., 2018). Total volatile solids (TVS)
is represented by the biodegradable organic fraction (BOF) together with information on the
soluble and insoluble compounds (Tyagi et al., 2018). Hartman et al., (2002) have identified that
accounting for the possibility of process inhibition caused by ammonia, LCFA and VFA
concentrations and buffer capacity (pH, alkalinity, phosphorous, cation, and CO2 content) is
critical and must be defined in the model. Esposito et al., (2012) also identified that the date
associated with bio-methane potential (temperature, HRT, OLR, substrate/inoculum ratio) has
been recognized to validate the mathematical model soundness. Various models in research have
been used to successfully predict the bio-methane potential of a multitude of substrates under
varying operational scenarios (Tyagi et al., 2018). However, researchers must note such as Tyagi
et al., (2018) have, that mono-substrate digestion modeling has historically been incapable of
considering co-substrate digestions idiosyncrasies, in respects to, physical and biochemical
properties alongside synergistic effects (pH, alkalinity, nutrient equilibrium). Other considerations
include understanding that conversion and distribution of sulfur, phosphorous and nitrogen are still
underdeveloped in current AcoD models (Xi, et al., 2016).
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Table 4. Mathematical Models Studies for AcoD of OFMSW (Tyagi et al., 2018)
Model

Substrate

Characteristics / Findings

Reference

Two-step acidogenesis and
methanogenesis model

OFMSW and PS (Primary
Sludge)

pH projections and ammonia inhibition

Kiely et al., 1997

Two-step acidogenesis and
methanogenesis model

OFMSW and SS

Co2 formation in hydrolytic and methanogenic steps, and VFA inhibition

Sosnowski et al., 2008

Stead state model (Firstorder kinetics)

OFMSW and vegetable oil,
animal fats, cellulose and protein

Substrate biodegradability: slowly, readily and inert fractions

Ponsa et al., 2011

First-order kinetic model

OFMSW-Fly ash; OFMSWBottom ash

Modified Gompertz kinetic model equation gives an estimate of the maximum biogas production potential, rate of
biogas production and the lag phase

ADM1

OFMSW and SS

Useful tool for assisting in system operation process control

Derbal et al., 2009

ADM1

OFMSW and SS

Surface based kinetics at hydrolytic step

Esposito et al., 2008

ADM1

OFMSW and SS

Simulate the effect of LCFA production in pH prediction, and the probability of classifying the substrate into slowly
and readily biodegradable fraction

Esposito et al., 2011

ADM1

OFMSW-manure; corn silagemanure; OFMSW-corn silage

Variables i.e. CH4 and biogas flow together with VFA concentration used to produce output and keep required process
conditions

Zhou et al., 2012

(A) Non-ADM1 based

(B) ADM1 based
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AcoD of OFMSW have experimentally shown the ability to enhance methane yield within AD
systems to date. However, underlying issues such as substrate mix ratios have continually been
found to impact process efficiency through nutrient and moisture imbalance and onset of inhibitory
process effects (Tyagi et al., 2018). To resolve historically persistent downfalls that continue to
plague AD systems operational performance capabilities, AcoD modeling efforts provides one
possible answer. AcoD has proven through research to reduce efforts in terms of cost and time
involved if used in conjunction with laboratory-based research (i.e. selection of appropriate cosubstrate mixture ratios) (Tyagi et al., 2018). Evidence surrounding modeling’s capacity to provide
such benefits to full-scale operations has begun to surface.
Therefore, in keeping with expansion of experimental modeling efforts of AcoD the body of work
presented in this thesis was aimed with the intention of experimentally exploring the co-digestion
and pretreatment modeling process. With the specific focus being around the investigation of
source separated organics (SSO) as a viable co-substrate option when combined with a high-rate
acidification pretreatment technology, within an existing medium-sized AD system.

37

Chapter 3

3

Materials and Methods

3.1 Introduction
Commercially available sources of fossil-fuels and their respective reserves have continued a
declining trend over the past decade (Hilkiah et al., 2008). To replace conventional fuel sources of
the past, a growing political support for exploring renewable sources to provide for future needs
of societies has emerged. In the late 2000’s, academics, such as, Hilkiah et al., (2008), identified
one area of energy development to be experiencing immense investment to be that of biogas
production.
The process itself (biogas) was discovered through an adjustment of taking hitherto unwanted
municipal solid-wastes and converting these organics into a useful end of life product called biogas
(Igoni et al., 2005). The rationale for this endeavor was justified due to the substances high
potential for energy generation demonstrated through experimental research initiatives (Igoni et
al., 2005).
Particularly selected organic elements for the biogas formulation process undergo a decaying cycle
that is directed under the presence or absence of air (oxygen) and is referred to as either an aerobic
or anaerobic decomposition sequence (Steadman, 1975). Decomposition of organic materials can
transpire through natural occurrence or artificial introduction, nonetheless, either case leads to the
creation of several byproducts outlined in Figure 5. Table (5) taken from Mattocks (1984) research
provides a summary of biogas compositional values for reference.
Focus of the end-product breakdown is around the formation of biogas through organic decay,
through the usage of artificially induced and controlled environments inside of airtight digesters
systems (Igoni et al., 2005). Consensus around the term ‘biogas’ through review of a multitude of
literary sources is concluded in this paper as the following: “a methane-rich gas that is produced
from the anaerobic digestion of organic materials in a biological-engineering structure called the
digester” (Itodo & Philips, 2001). It should be noted that strong consensus exists around the
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understanding that a multitude of methods to produce biogas (natural or artificial) are presently
available.
Figure 5. Organic Decay Process (Steadman, 1975)

More important than the method used for biogas production to prescribe classification is the biogas
generation process itself, and, whether it was the result of the action that microorganisms had on
the organic wastes (Hobson & Bousfield, 1981). The understanding of this principle is what led to
academics defining biogas as “a byproduct of the biological breakdown, under oxygen-free
conditions of organic wastes such as plants, crop residues and human and animals, etc…”
(Mattocks, 1984). Chemical and physical characteristics of this ‘gas’ are a colourless, relatively
odorless and flammable makeup, known to be stable and non-toxic (Madu, 2001). It is known to
burn with a blue flame and bolsters a calorific value of 4500-5000 kcal/m when holding a methane
content between 60%-70% ranges (Madu, 2001).
Historically, traditional generation of biogas is understood to have been produced through the
usage of feedstocks (farm-waste) and agro-industrial wastes (vegetable processing/wineries)
(Vassiliou, 1997). It can be presumed these traditions led to a consensus that conventional liquidmanure systems were therefore, the ‘best fit’ for anaerobic digestion linked to biogas production
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(Hilkiah et al., 2008). This assumption, however, is not the case at all, other than the sole fact that
biogas production was first linked to liquid waste and sludge streams (Hilkiah et al., 2008).

Table 5. Composition of Biogas (Mattocks, 1984)
Constituent

Composition
Methane (CH4)

55-75%

Carbon Dioxide (CO2)

30-45%

Hydrogen Sulphide (H2S)

1-2%

Nitrogen (N2)

0-1%

Hydrogen (H2)

0-1%

Carbon Monoxide (CO)

Traces

Oxygen (O2)

Traces

Vassiliou’s et al., (1997) research efforts further into the viability of source/feed stock utilization
demonstrated that a strong argument for the generation of biogas from organic components of
source-separated municipal solid-wastes (MSW’s) should become more of the focus of biogas
generation. The experimental observation and recommendations of these earlier studies has been
considered to have led the way for pursuance of today’s more complex organic source stream
analysis works presented in literature.

3.2
3.2.1

Modeling Framework
BioWin Model Theoretical Background

AD modeling of wastewater treatment plants (WWTPs) has continually been proven as a useful
tool for both understanding and optimizing the wastewater treatment process (Elawwad et al.,
2017). Validated models continue to offer multiple benefits to the AD process. These include cost
savings due from prediction of outcomes relating to various operation scenarios and determining
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the optimum operation strategy. For these reasons’ justification surrounding modeling research
continues to be prevalent. The body of work presented in this thesis utilized a BioWin model
(Envirosim, Canada) to describe the performance of a Canadian wastewater treatment plant located
in Chatham-Kent, Ontario.
Plant-wide model studies for a WWTP allow for influence of different operational parameters
(temperature, sludge retention time) on effluent quality to be examined, alongside creating a cost
saving strategy for energy consumption through evaluation of different modeling scenarios on a
calibrated model (Elawwad et al., 2017). This being the case has created a stimulus of interest
around plant-wide modeling in the wastewater treatment field to become very attractive, as it
provides an overall view of the processes included in treatment and understanding of the
interaction between various unit process (Rosen et al., 2006).
The BioWin© software and model (Envirosim, Canada) is one of the famous simulators available
that has its own general activated sludge-digestion model (AS/DM) (Elawwad et al., 2017). One
benefit of the program is the ability for modelers to experimentally model different treatment
processes without the coupling of more than one model (Elawwad et al., 2017). Another beneficial
design of the program is the inclusion of a multitude of features that are extremely useful for
modeling and optimization of complex wastewater treatment system (WWTS) (Elawwad et al.,
206; Liwarska-Bizukojc and Biernacki, 2010). This entails over 50 state variables and 60 process
expression within the BioWin general model (Elawwad et al., 2017). BioWin as a simulator is also
considered a highly beneficial general-purpose program that accomplishes high models’
combination flexibility yet leads modelers to consume long times in order to construct a specific
WWTP system model (Gernaey et al., 2004). Therefore, determining wastewater characterization
for influent (definition of influent COD and nitrogenous fractions) and adequate model calibration
(adjustment to kinetic and stoichiometric parameters) to predict the same effluent characteristics
of the actual plant is necessary to create reliable and accurate modeling observations (Sedran et
al., 2009).

3.2.1.1

Modeling Research Protocol

Various guidelines have been developed through research endeavors around the world that focus
on different simulation project aspects such as BIOMATH, WERF, STOWA, HSG and good
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modeling practice (GMP) (Rieger et al., 2012). The decision to apply the GMP protocol for the
modeling research to be completed in this thesis, came through evaluation of three (3) major
considerations. These three considerations were: (1) financial restrictions associated around
monetary budgets for purchasing of the modeling program (2) costs associated with training /
education of the program, and (3) the time constraint restriction surrounding the research, leading
to the development of credible goals / objectives of the research efforts. The GMP protocol is
comprised of the following main steps: definition of the project, collection of data, setup of the
plant model, calibration, simulation and finally interpretation of the results (Elawwad et al., 2018).

3.3

CKWWTP Process Description and Calibration

As previously mentioned, (section 1.2) the three identified research goals of this thesis are: (1) to
simulate the current performance of the existing AD process, (2) simulate the addition of codigestion to the existing AD process, and (3) simulate the impact of incorporating a pretreatment
technology to the existing plant AD system. These goals were aimed around investigating the
specific AD process of a medium-sized WWTP located in Chatham-Kent, Ontario, Canada. The
experimental research undergone in this thesis was focused around exploring modeling scenario
abilities to successfully demonstrate AcoD modeling of both substrate analysis and pretreatment
technology inclusion into an existing treatment plants AD operational stage.
The research completed on this existing WWTP system was to experiment with the plants currently
existing operational waste stream feedstock characteristics and apply the addition of specific OLR
quantities of a substrate into the plants AD network.
The Chatham-Kent wastewater treatment plant (CKWWTP) AD system is comprised of a three
(3) digester unit system. The systems operational design was configured to operate under twothirds or 66% of available capacity, utilizing two (2) of the three (3) available digester units (third
digester used for holding purposes), during the undertaking of this research. BioWinv.5.2
(Envirosim, Canada) was the modeling program used as a simulation platform for performing the
wastewater treatment plant AD modeling. Using the historical measured data from the CKWWTP,
the model was calibrated with modifications to the most sensitive parameters. In order to match
effluent COD and biogas production rate values from the existing plant operations. Multiple
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options for calibration are suggested in literature works such as Liwarska-Bizukojc & Biernacki,
2010). The works by Liawarska-Bizukohc et al., (2010) identified/defined the most influential
stoichiometric and kinetic parameters for adjustment used in calibrating a BioWin model. Altering
the default value of the hydrolysis rate (AD) in the BioWin hypothetical digester is a good and
reasonable option (Hamawand & Baillie, 2015). When the default BioWin stoichiometry values
were adjusted from their default digester settings to represent the measured data from the
CKWWTP, the experimental results were able to experimentally match prominent effluent stream
characteristics and biogas production rates. Mathematical calculations were completed for the
Case 2 (chapter 4) simulations to determine the associated organic characteristics of the applied
substrate source to be combined with the routine feedstock for further experimental modeling
scenarios.

3.3.1
3.3.1.1

Experimental Modeling Case 1
Case 1: Base and Expansion Scenario

The AD modeling undergone was comprised of three (3) main modeling exercises that can be
further broken down at each level. Case 1 or the also referred to in this body of work as the
‘expansion case’ was comprised of a two-step process. The first step was to utilize the BioWin
program to model the existing conditions of the CKWWTP under the current two-thirds or 66%
digester capacity the plant operations were functioning under. The second step within this first
modeling scenario was then to simulate an expansion case where the inclusion of this third digester
was to be accounted for in the modeling simulations. After analysis of the CKWWTP AD system
operational digester was completed the following parameters were determined for the system.
Anaerobically digested sludge from the CKWWTP (Chatham-Kent, Ontario, Canada) was used in
the experimentally modeling scenarios in both the base and expansion cases. Analysis of the
constituent stream was completed on total chemical oxygen demand (COD), filtered COD, total
Kjeldahl nitrogen (TKN), orthophosphates (PO4-P), temperature (T), dissolved oxygen and pH.
Table (6) provides the influent parameter values for the digester obtained from the CKWWTP for
AD process modeling.
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Base Scenario AD Parameters
The total volume of the current AD system (two-third’s capacity) was formulated to be 4000m³,
with a calculated area of 88.89m², depth of 4.5m and head space volume of 360m³. The pressure
inside of the system was that of 103 kPa and operated at an internal temperature of 35℃.
Expansion Scenario AD Parameters
The total volume of the expansion case AD system (full capacity) was formulated to be 5920m³,
with a calculated area of 1315.55m², depth of 4.5m and head space volume of 540m³. The pressure
inside of the system was that of 103 kPa and operated at an internal temperature of 35℃.
Table 6. Influent Parameters for Base Scenario & Expansion
Parameter

Unit

Influent

Flow

m³/d

219

COD

mg/l

29000

TKN

mg/l

1500

Total P

mg/l

500

Nitrate

mg/l

0

pH

mg/l

7.52

Alkalinity

mmol/l

12

ISS Influent

mg/l

1000

Calcium

mg/l

20

Magnesium

mg/l

10

Dissolved O2

-

0

Temp

℃

35
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Wastewater Characterization
The data obtained from the CKWWTP records was reviewed in order to characterize the influent
flow to the wastewater treatment plants anaerobic digesters for modeling simulation purposes.
Table (7) provides further characterization of the organic feedstock fractionation parameters used
in the base and expansion modeling simulations, held in comparison to the BioWin programs
default value assumptions for each parameter.
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Table 7. Characterization Parameters for Feedstock Fractionations (Base & Expansion Simulation)
Parameter

Units

BioWin Default Value

Calculated Value

Fbs – Readily biodegradable (including
Acetate)

gCOD/g of total COD

0.16

0.26

Fac – Acetate

gCOD/g of readily
biodegradable COD

0.15

0.57

Fxsp – Non-colloidal slowly biodegradable

gCOD/g of slowly degradable
COD

0.75

0.6

Fus – Unbiodegradable soluble

gCOD/g of total COD

0.05

0.02

Fup – Unbiodegradable particulate

gCOD/g of total COD

0.13

0.09

Fna – Ammonia

gCOD/g of total COD

0.66

0.33

Fnox – Particulate organic nitrogen

gNH3-N/gTKN

0.5

0.25

Fnus – Soluble unbiodegradable TKN

gN/g Organic N

0.02

0.02

FupN – N: COD ratio for unbiodegradable
part. COD

gN/gTKN

0.035

0.035

Fpo4 – Phosphate

gN/gCOD

0.5

0.6

FupP – P: COD ratio for influent
unbiodegradable part. COD

gP/gCOD

0.011

0.011
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3.3.1.2

Results and Discussions

After an initial simulation was completed on the base and expansion scenarios, review and analysis
of the results was tabulated for discussion. The results provide evidence that the base simulation
was generating a maximum biogas production of 2320m3/day when fed with an OLR of 1.59 kgCOD/m³/day and 29g COD/L/d, while bolstering a hydraulic retention time (HRT) of 18 days, a
volatile suspended solids (VSS) destruction efficiency rate of 39% and effluent pH of 7.48. The
expansion simulation (addition of third digester) results provide evidence that the expansion
simulation was generating a maximum biogas production of 2683m3/day with an OLR of 1.07 kgCOD/m³/day and 29g COD/L/d with an effluent pH of 7.20, and a biogas production of 363m3/day
more than the base scenario. When calculated the expansion simulation provide a 16% rise in
biogas production. The expansion simulation VSS destruction efficiency in the system rose to an
overall efficiency of 58%, believed to be directly correlated to the addition of the systems third
digester unit into operational capacity.
Figure 6. Case 1: Base & Expansion Results
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Summary Table: Operating Days: 365 Phase 2 CK WWTP (3 Digesters) WWTP AD Digesters
Summary Table: Operating Days: 365 Phase 1 Base Case (2 Digesters only) CK WWTP AD Digesters
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The outcome of the Case 1 modeling study revealed that the inclusion of the CKWWTPs third
digester into an operational state would possibly provide successful increases in biogas production
potential and VSS destruction efficiency. The following conclusions can be drawn:
•

The maximum biogas production potential of 363m3/day was achieved from the addition
of the systems third AD unit being brought into operational capacity

•

The rise in biogas production with a lower OLR in the expansion scenario is assumed to
be from more available contact surface area available for the microorganisms to undergo
methanogenic decomposition by the addition of the third digester

•

The addition of the third digester increased operational system VSS destruction efficiency
to 58%

•

Experimentation to include co-digestion practices into the existing operational design
platform of the CKWWTP to review whether source separated organics can provide an
increase to system production through increase in the OLR of the system is recommended.
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Chapter 4

4

Experimental Modeling of Co-Digestion

4.1 Introduction
AD processes have been experimentally and operationally proven to offer a multitude of benefits
when combined with the application of co-digestion and pretreatment techniques (Mata-Alvarez
et al., 2014). The adoption of stricter regulations for disposal of organic wastes and increases to
funding available for renewable energy development can be identified as two major factors in the
advancement of AD technologies (Lema and Omil, 2001). Conventional AD systems used an
approach of single substrate digestion, which presented systemic limitations. Some of the
identified complications within the AD process can be linked to AD being strongly dependent on
environmental conditions (Mata-Alvarez et al., 2011). However, through experimental research
efforts the ability of AD systems to overcome historically identified drawbacks has been proven
with the application of co-digestions techniques, referred to as AcoD (Mata-Alvarez et al., 2011).
Table (8) provides a summary of some of the challenges/limitations anaerobic digestion systems
operational capacities deal with.
Table 8. Anaerobic Digestion Limitations/Challenges
Temperature

pH

Nutrient Content

Carbon/Nitrogen Ratio

Carbon/Phosphorous Ratio

Presence of Inhibitors

Substrate Typology

Microelements Availability

Particle Size

To combat unnecessary failures of AD systems and promote increased efficiency the needed to
actively monitor operational conditions prior to and during digestion process sequences is
recommended (Esposito et al, 2012). Studies completed by academics such as, Hills (1980) and
Fisher et al., (1983), Wieland and Hassan (2001), have been able to show through the combination
of simultaneous treatment of solid and liquid wastes, a drastic rise in performance of biogas
production was achievable, while reducing failure percentage and lowering of operating costs
(Sosnowski et al., 2003).
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Further benefits found through the usage of AcoD are as follows: (1) dilution of the potential toxic
compounds, (2) moisture content and pH adjustment, (3) buffer capacity supply, (4) increase in
biodegradable material, and (5) widening the range of bacterial strains in decay process (Esposito
et al., 2012). These benefits have been proven to not only occur but coincide to bolster an improve
stability and performance efficiency of AD and create overall higher yields of biogas and energy
production (Tchobanoglous et al., 1993). Another major reason for co-digestion of substrates (FW
and OFMSW) increase biogas production capabilities is due to carbohydrates being a main
chemical makeup of these substrates’ organic structures (Esposito et al., 2012). The documented
gains in biogas production through substrate addition have been attributed to the wastes
constituents organic makeup being rich in proteins that provide a higher buffer capacity, offering
wide ranging nutrient contents and exhibiting high carbon content that balances C/N ratios,
decreasing the risk of ammonia inhibition (Hashimoto, 1986). The AD of substrates is, however,
strongly dependent on the ratio between the acidification and methanogenic process rates. It has
been identified that an increase in VFA accumulation can occur within the digesters if the
acidification rate occurs more rapidly, creating a drop on pH in the system, which leads to the
ensuing of stress and inhibition conditions on methanogenic archaea (Siegert and Banks, 2005).
Success aside, current literature around the effectiveness of co-substrate addition cannot be
univocally defined. Therefore, investigation of substrates on a case-by-case situation has
continually been recommended in conclusions of multiple research activities (Callaghan et al.,
2002; Labatut et al., 2012). To expand on the research recommendations of previous works,
undercovering idiosyncrasies of physical and bio-chemical processes that prevail in an AcoD
system is encouraged for literature building purposes. Therefore, in the interest of expanding
literature around co-substrates validity being suitable options for AcoD, a mathematical and
modeling simulation is to be experimentally investigated in this chapter. The aims will be to
investigate if source-separated organics (SSO) can be applied to the CKWWTP as a viable option
for AcoD.
The goals or aims of this experiment are as follows: (1) determine the effectiveness of SSO as a
co-digestion substrate, and (2) determine the maximum OLR of the substrate to balance
acidification and methanogenic processing to reduce inhibition of methanogenic archaea.
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4.2
4.2.1
4.2.1.1

Experimental Modeling of SSO
Experimental Modeling Case 2
Case 2: AcoD of SSO

The Case 2 modeling experiment aimed to determine the validity of SSO for AcoD within the
CKWWTP expansion scenario explored in the second half of the Case 1 modeling exercise. The
aim of this experiment was to expand the existing CKWWTP operational capacity to begin
including SSO from municipal sources into the plants AD platform. The incorporation of SSO
would build up the earlier modeling scenario of Case 1 as previously mentioned.
The Case 2 modeling experiment was completed over a four-phase simulation process, testing the
addition of SSO at added flow rates of 50m³/d, 75m³/d, 100m³/day, and 125m³/day. These
incremental flow rates were selected in consideration of the existing wastewater AD system
capacity. The SSO organic makeup is provided below in Table (9), through review of these organic
characterization of the substrate source one can begin to hypothetically assume that an increase in
biogas production would be possible through increase in nutrient content and biodegradable
organics. To further understand the associated OLR value SSO would provide through codigestion to the CKWWTP, calculations to determine the combined sludge quality of the SSO with
the existing active sludge stream was completed. Therefore, a mathematical formula is to be used
to estimate SSO parameters (experimentally) for each of the intended flow rate values that SSO
addition was to be experimentally modeled under. Table (10) shows a layout of the SSO parameters
and associated values for each proposed experimental flow rate that is to be added to the existing
feedstock the plant current processes. The formula used to calculate the co-digestion values to
determine the co-digestion value of SSO at the specific flow rates is as follows:
Co-Digestion Value = SSO Parameter (ex. TS) x SSO Flow (50m³) + Sludge Quality Parameter
(ex. TS) * Sludge Flow (219m³) / SSO Flow + Sludge Flow
This formula is then repeated for each parameter associated with (TS, VS, VS/TS, etc…) and used
to create a combined co-digestion value for the experimental modeling.
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Table 9. SSO Associated Quality Values

Parameter

Unit

SSO

COD Content

g TCOD/g Solids

1.8-2.5

TS

g/L

50-61

VS

g/L

34-43

VS/TS

%

69-74

TSS

g/L

28-54

VSS

g/L

20-39

VSS/TSS

%

42-76

TCOD

g/L

89-147

SCOD

g/L

33-42

T-Carb

g/L

7.6-16.5

S-Carb

g/L

0.17-0.58

pH

5.4-5.5
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Table 10. Combined SSO and Sludge Quality Values for Associated Flow Rates
Parameter

Units

50/219 Combined Flow Rate

75/219 Combined Flow Rate

100/219 Combined Flow Rate

125/219 Combined Flow Rate

TS

g/L

41.9

46.8

51.2

54.7

VS

g/L

26.3

30.5

34.4

37.5

VS/TS

%

14.2

29.4

43.3

54.4

TSS

g/L

38.5

42.5

46.1

48.9

VSS

g/L

24.3

28.0

31.5

34.2

VSS/TSS

%

14.1

29.8

44.2

55.7

TCOD

g/L

50.9

75.3

97.7

115.6

SCOD

g/L

8.2

16.8

24.7

30.9

T-Carb

g/L

0

0

0

0

S-Carb

g/L

0

0

0

0

0

0

0

0

18.7

36.4

52.6

65.6

pH
BOD

g/L
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The results presented in Table (10) above are the combined SSO and sludge quality values with
the accompanying flow rates to be used for the four-phase modeling simulation. The intention of
a four-phase simulation is to investigate the substrates effect at different OLRs within the
CKWWTPs system. It is assumed that as the addition of the substrates organic loading increases
the AD system itself will reach an operational processing ‘peak’, through overloading of organics
into the AD system. This ‘overload’ is hypothesized to be onset through the addition of SSO at an
OLR higher than what the system microorganisms can readily process and will result in system
inhibition due to an imbalance in the ratio between acidification to methanogenic process.

4.2.1.2

Results and Discussion

The outcomes of the Case 2 four-phase modeling experiment will be analyzed in comparison to
the base modeling scenario that was currently being operationally undergone at the CKWWTP
modeled in the Case 1 base scenario. The first experimental simulation investigated the addition
of 50m³/day of SSO to the existing sludge quality stream of 219m³/day, creating a total flow rate
of 270m³/day. The simulation findings are presented in Figure (7) and present a comparison
between Case 1 (base and expansion) scenarios and the 50m³/day simulation.
Figure 7. Co-Digestion Findings of 50m³/day SSO
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The findings in Figure (7) revealed that a flow rate addition of 50m³/day of SSO with an OLR of
2.33 kg-COD/m³/day and 51g COD/L/d was able to generate a maximum biogas production of
5558m³/day, while bolstering a hydraulic retention time (HRT) of 22 days, a volatile suspended
solids (VSS) destruction efficiency rate of 54% and effluent pH of 7.20. When the findings were
analyzed in comparison to the base scenario it was found that an additional 3238m³/day of biogas
was produced during the 50m³/day simulation experiment, totaling a 140% increase. It is assumed
that the ability of the system to produce a higher yielding capacity is due from the ability of the
SSO to deliver highly and readily biodegradable organics to undergo methanogenic organic
processing.
The second phase of Case 2 was to investigate if the AcoD of the CKWWTP could operationally
process an increased rate of SSO to the systems existing flow rate at an additional flow rate value
of 75m³/day SSO with an OLR of 3.74 kg-COD/m³/day and 75g COD/L/d. The simulation
findings are presented in Figure (8) and present a comparison between the Case 1 (base and
expansion), the 50m³/day and 75m³/day simulation scenarios.
Figure 8. Co-Digestion Findings of 75m³/day SSO
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The findings in Figure (8) revealed that a flow rate addition of 75m³/day of SSO with an OLR of
3.74 kg-COD/m³/day and 75g COD/L/d was able to generate a maximum biogas production of
8817m³/day, while bolstering a hydraulic retention time (HRT) of 20 days and a volatile suspended
solids (VSS) destruction efficiency rate of 53%. When the findings were analyzed in comparison
to the base scenario it was found that an additional 6497m³/day of biogas production was produced
during the 75m³/day simulation experiment, totaling a 280% increase. It is assumed that the ability
of the system to produce a higher yielding capacity is due from the ability of the SSO to deliver
highly and readily biodegradable organics to undergo methanogenic organic processing. The
experimental findings of the 75m³/day simulation also indicate that at 75m³/day of SSO addition,
the system has still not reached a negative balance amid acidification and methanogenic rate
processes. Therefore, to further investigate the validity of the SSO substrate, the next experimental
simulation was completed at an additional SSO flow rate of 100m³/day.
The third phase of Case 2 was to investigate if the AcoD of the CKWWTP could operationally
process an increased rate of SSO to the systems existing flow rate at an additional flow rate value
of 100m³/day SSO with an OLR of 5.24 kg-COD/m³/day and 97g COD/L/d. The simulation
findings are presented in Figure (9) and present a comparison between the Case 1 (base and
expansion), the 50m³/day, 75m³/day and 100m³/day simulation scenarios.
Figure 9. Co-Digestion Findings of 100m³/day SSO
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The findings in Figure (9) revealed that a flow rate addition of 100m³/day of SSO with an OLR of
5.24 kg-COD/m³/day and 97g COD/L/d was able to generate a maximum biogas production of
15914m³/day, while bolstering a hydraulic retention time (HRT) of 18.5 days, a volatile suspended
solids (VSS) destruction efficiency rate of 71% and effluent pH of 6.91. When the findings were
analyzed in comparison to the base scenario it was found that an additional 13594m³/day of biogas
production was produced during the 100m³/day simulation experiment, totaling a 586% increase.
It is assumed that the ability of the system to produce a higher yielding capacity is due from the
ability of the SSO to deliver highly and readily biodegradable organics to undergo methanogenic
organic processing. The experimental findings of the 100m³/day simulation also indicate that at
100m³/day of SSO addition, the system has still not reached a negative balance amid acidification
and methanogenic rate processes.
The reasoning behind the experimental progressive testing of co-substrates is due from the
recommendations in literary works such as those of Callaghan and Labatut (2012). Callaghan and
Labatut (2012) highlighted that successful findings aside, the current literature debate around the
effectiveness of co-substrates cannot be univocally defined, and therefore, should be investigated
on a case by case situation to determine viability and inhibition levels. Therefore, to further
investigate the validity of the SSO substrate, the next experimental simulation was completed at
an additional SSO flow rate of 125m³/day.
The fourth phase of Case 2 was to investigate if the AcoD of the CKWWTP could operationally
process an increased rate of SSO to the systems existing flow rate at an additional flow rate value
of 125m³/day SSO with an OLR of 6.70 kg-COD/m³/day and 115g COD/L/d. The simulation
findings are presented in Figure (10) and present a comparison between the Case 1 (base and
expansion), the 50m³/day, 75m³/day, 100m³/day, and 125m³/day simulation scenarios.
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Figure 10. Co-Digestion Findings of 125m³/day SSO
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The findings in Figure (10) revealed that a flow rate addition of 125m³/day of SSO with an OLR
of 6.70 kg-COD/m³/day and 115g COD/L/d was able to generate a maximum biogas production
of 11704m³/day, while bolstering a hydraulic retention time (HRT) of 17.5 days, a volatile
suspended solids (VSS) destruction efficiency rate of 19% and effluent pH of 7.17. When the
findings were analyzed in comparison to the base scenario it was found that an additional
9384m³/day of biogas production was produced during the 125m³/day simulation experiment,
totaling a 404% increase. It is assumed that the ability of the system to produce a higher yielding
capacity is due from the ability of the SSO to deliver highly and readily biodegradable organics to
undergo methanogenic organic processing. The experimental findings of the 125m³/day simulation
also indicate that at 125m³/day of SSO addition, the system experienced a decline in biogas
production of 4210m³/day. It is hypothesized that the ability of SSOs to deliver highly
biodegradable organics that can be easily broken down by methanogenic archaea is to be valid.
However, determining the systemic point of inhibition is vital to the success of the system
regarding production capabilities of biogas formulation. The ‘failure’ of the 125m³/day SSO
experiment can be shown through this associated decrease in both biogas formulation and VSS
destruction efficiency. It is believed the decrease in VSS destruction efficiency was due from the
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onset of an acidification states, from a conditional imbalance between the internal acidification
and methanogenic rate processes within the digesters. Ultimately, it is presumed this led to the
drastic decline in VSS destruction efficiency and resulting curb to the process of biogas
formulation. The results of the 125m³/day simulation reveal that the CKWWTP has reached a
negative balance amid the acidification and methanogenic rate processes. The recommendations
by Callaghan and Labatut (2012) to test substrates on individual levels to determine optional OLR
parameters was the reasoning behind the experimentally progressive modeling performed.
Callaghan and Labatut (2012) highlight the need for investigation on a case by case situation to
determine specific the co-substrates optimal OLRs in relation to specific WWTP AcoD
frameworks.
The outcome of the Case 2 modeling study revealed that the addition of SSO into the operation of
the existing CKWWTP could provide successful increases to the systems overall biogas
production abilities. This was demonstrated with the increases seen through the increased in VSS
destruction efficiency and optimized the methane yield potential through analysis of the four-phase
experimental modeling. The following conclusions can be drawn:
•

The incremental flow rates used for the Case 2 SSO addition were selected in consideration
of the existing wastewater AD system capacity

•

The maximum biogas production potential of 15914m3/day was achieved from the addition
of 100m³/day at an OLR of 5.24 kg-COD/m³/day

•

The current VSS destruction efficiency of the base scenario is 39%, while the maximum
VSS destruction efficiency of the SSO addition with the 100m³/day was 71%

•

The inhibition ‘point’ of the SSO substrate was determined in this modeling scenario to be
at an SSO addition of 125m³/day at an OLR of 6.70 kg-COD/m³/day. The system at the
125m³/day had a decline in VSS destruction efficiency to 19%, with a reduction in overall
biogas production of 4210m³/day, in comparison to the 100m³/day simulation.

•

Further experimental examination to investigate the installation of pretreatment technology
capabilities of the CKWWTP operations is recommended.
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5

Pretreatment Modeling

5.1 Introduction
Traditional AD systems have been successful in both experimental and operational studies to offer
renewable energy production capabilities in respects to biogas yield potential. This historical
success has continued the growth of research efforts to discover viable options for improving the
overall operational performance of AD moving forward. One identified option to achieve increases
in AD performance is the adoption of co-digestion techniques, which has continually shown
positive results in literature (Ponsa et al., 2011; Zhang et al., 2008; Zitomer et al., 2008). A further
recommendation to the adoption of co-digestion technique is the application of a pretreatment
technology to AD systems. Research efforts have directed aim at determining pretreatment
technologies that would thus be compatible to improve AcoD. Associated findings of studies have
identified mechanical particle size reduction, alkaline hydrolysis, thermal and ultrasonic treatment
and enzymatic degradation all as possible options (Esposito et al., 2012). Table (11) provides a
summary of various results compiled on recommended pretreatment technologies and the
appropriate co-substrate options that were identified in various research studies.
The intention of these pretreatment technologies is around the solubilization of complex matrices
to help or induce a faster hydrolysis stage in the decay process, most notable the slowest and most
limiting process for complex substrates (Eastman and Ferguson, 198; Esposito et al., 2012). Some
pretreatment techniques known to improve waste stabilization and methane production are
physical pretreatments, biological pretreatments, and thermal pretreatments (Esposito et al., 2012).
It has been identified, however, that further research into the technologies commercial viability in
relation to processing costs for WWTP should be completed (Esposito et al., 2012). Other
experimental research findings have identified that through operational data outputs from a semicontinuous reactor, the acid pretreated reactor that was fed with the same substrate as the untreated
reactor presented a slight increase in feed TS and VS (Devlin et al., 2011). Devlin et al., (2011)
proposed that the increase in TS is due from the fact of the sodium hydroxide present during the
pretreatment sequence. Others (Esposito et al., (2012) have identified increases from the
acidification process to be attributed to the ability of the acid to breakdown polymer into monomers
or oligomers, ending in an increased rate of digestion from a faster hydrolysis step through the
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partial breakdown in the pretreatment stage occurring before the organic constituent enters the anaerobic digester.
Table 11. Effect of Pretreatment Methods on Biogas Production (Esposito et al., 2012)
Pretreatment Method
Mechanical Comminutionb

Biogas Yield Variationa (%)

Substrate

References

Mix of apples, carrots and potatoes

(+24)

Palmowski and Muller (1999)

Meat

(+22)

Palmowski and Muller (1999)

Sunflower seeds

(+17)

Palmowski and Muller (1999)

Hay

(+15)

Palmowski and Muller (1999)

Solid-Liquid Separation

Solid fraction of poig manure-liquid fraction of pig manure

(+145)

Moller et al. (2004)

Bacterical Hydrolysis and Alkaline addition at high temperature

Sewage sludge and OFMSW

(+140)

Del Borghi et al. (1999)

Ensilage

Willow

(+22)c

Wang (2009)

Miscanthus

(+1.13)c

Wang (2009)

Mix of timothy, red clover and meadow fescue grass

(+17)

Pakarinen et al. (2008)

Mix of sugar beet tops, grass, hay straw

(+17)d

Lehtomaki et al. (2004)

Summer and winter switchgrass

(+32)

Frigon et al. (2008)

10% SFW and 90% WAS

(+63)

Heo et al. (2003)

30% SFW and 90% WAS

(+59)

Heo et al. (2003)

50% SFW and 50% WAS

(+16)

Heo et al. (2003)

70% SFW and 30% WAS

(+1.9)

Heo et al. (2003)

WAS and OFMSW

(+124)-(+296)

Simonetti et al. (2010)

Alkaline Pretreatment

Ultrasonic Pretreatment
a

(biogas pretreated substrate-biogas from raw substrate)/biogas from raw substrate) x 100

b

the comminution takes place together with sewage sludge C after 5 months on BMP tests D 2% NaOH addition after 72 h
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Nonetheless, investigations on a case by case situation to determine a pretreatment technologies
overall applicable benefits to a specific substrate is still recommended in research (Callaghan et
al., 2002); Labatut et al., 2012). Therefore, the goals or aims of this experiment are as follows: (1)
determine the effectiveness of high rate acidification pretreatment on the CKWWTP process, and
(2) analyze the pretreatments ability to increase the co-digestion of SSO within the CKWWTP.

5.2
5.2.1.1

Experimental Modeling
Case 3: Pretreatment of AcoD

The Case 3 modeling experiment aimed to determine the validity of a high rate acidification
pretreatment process that was to be completed in conjunction with a co-digestion process, utilizing
SSO. The aim of this experiment was to expand the existing CKWWTP operational capacity to
not only incorporate SSO from municipal sources into the plants AD platform but build upon
literature review that recommended the addition of pretreatment technologies into co-digestion
methods.
The Case 3 modeling experiment aimed to simulate how this high rate acidification process would
more readily prepare biodegradable organics before entering the digesters. The pretreatment
technology to be applied to the CKWWTP system would assume that after the organic constituents
passed through this acidification pretreatment, the percentage of readily biodegradable organics
would increase by 30%. The assumed 30% improvement in digestion was validated in Greenfield
demonstrated scale, as well as standard biomethane potential tests in labatory experiments (Nasr
et al., 2017).
Table (12) provides the results of the adjustment made in respects to the wastewater fractionation
values inputted into the modeling software for completion of the Case 3 experimental modeling
simulation. The 30% adjustment was made to the Fbs coefficient value (readily biodegradable
organics). It is assumed that the increase in readily biodegradable organics of the new input stream
to the digesters through the application of the high rate acidification should increase both biogas
production and VSS destruction efficiency.
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Table 12. WW-Fractionation Comparison (Case 1: Base and Case 3: Pretreatment w/ SSO)

5.3

Parameter

WW Fraction

WW Fraction

Fbs

0.26

0.399

Fac

0.576

0.720

Fxsp

0.6

0.95

Fus

0.02

0.041

Fup

0.09

0.01

Fna

0.333

0.6

Fnox

0.25

0.25

Fpo4

0.6

0.8

FupP

0.0238

0.05

Results and Discussion

The outcomes of the Case 3 modeling experiment will be analyzed in comparison to the base
modeling scenario that was currently being operationally undergone at the CKWWTP modeled in
the Case 1 base scenario. The Case 3 experimental simulation investigated an acidification process
on a flow rate of 320m³/day, which was representative of the 100m³/day SSO scenario. The
simulation findings are presented in Figure (11) and present a comparison between all modeling
cases simulated.
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Figure 11. High Rate Acidification Pretreatment Findings with 100m³ SSO
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The findings in Figure (11) revealed that a flow rate addition of 100m³/day of SSO with an OLR
of 5.24 kg-COD/m³/day and 97g COD/L/d when combined with an acidification pretreatment was
able to produce a maximum biogas production of 16707m³/day, while bolstering a hydraulic
retention time (HRT) of 18.5 days, a volatile suspended solids (VSS) destruction efficiency rate of
81% and effluent pH of 7.05. When the findings were analyzed in comparison to the base scenario
it was found that an additional 14387m³/day of biogas production was produced during the
100m³/day pretreatment simulation experiment, totaling a 620% increase. It is assumed that the
ability of the system to produce a higher yielding capacity is not only due from the ability of the
SSO to deliver highly and readily biodegradable organics to undergo methanogenic organic
processing, but the pretreatment technologies solubilization of complex matrices for faster
hydrolysis decay processing.
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The outcome of the Case 3 modeling study revealed that the application of a high rate acidification
pretreatment when combined with the addition SSO into the operation of the existing CKWWTP
could provide successful results in rising overall plant biogas production. This was demonstrated
with the increases seen through the increased in VSS destruction efficiency and optimized biogas
production results through analysis of the pretreatment experimental modeling. The following
conclusions can be drawn:
•

The maximum biogas production potential of 16707m³/day was achieved from the addition
of both the 100m³/day at an OLR of 5.24 kg-COD/m³/day and pretreatment acidification
technology

•

The current VSS destruction efficiency of the base scenario is 39%, while the maximum
VSS destruction efficiency of the SSO addition with the 100m³/day with pretreatment was
81%

•

The recommendation for the installation of an acidification pretreatment combined with
co-digestion of SSO substrate has experimentally shown potential to improve biogas
production and VSS destruction.
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Chapter 6

6

Conclusion

The final chapter of this thesis is focused around the representation of findings in respects to the
previously experimentally modeled scenarios in chapter 3, 4, and 5. The aim is to provide a
contextual layout for academics to decipher potential gaps that should be addressed in future
research efforts. This will help to aid in furthering contributions to available literature desired in
respects to co-digestion and pretreatment technology applications to WWTP AcoD.

6.1

Findings Revisited

The following findings summarize the major outcomes of this research:
1. The maximum biogas production potential of 363m3/day at an OLR of 1.54 kgCOD/m³/day was achieved from the addition of the systems third AD unit being brought
into operational capacity
2. The rise in biogas production with a lower OLR in the expansion scenario is assumed to
be from more available contact surface area available for the microorganisms to undergo
methanogenic decomposition by the addition of the third digester
3. The addition of the third digester increased operational system VSS destruction efficiency
to 58%
4. Experimentation to include co-digestion practices into the existing operational design
platform of the CKWWTP to review whether a positive correlation between biogas
production rates and yields is conceivable by increasing the OLR is suggested.
5. The maximum biogas production potential of 15914m3/day was achieved from the addition
of 100m³/day at an OLR of 5.24 kg-COD/m³/day
6. The current VSS destruction efficiency of the base scenario is 39%, while the maximum
VSS destruction efficiency of the SSO addition with the 100m³/day was 71%
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7. The inhibition ‘point’ of the SSO substrate was determined in this modeling scenario to be
at an SSO addition of 125m³/day at an OLR of 6.70 kg-COD/m³/day. The system at the
125m³/day had a decline in VSS destruction efficiency to 19%, with a reduction in overall
biogas production of 4210m³/day, in comparison to the 100m³/day simulation.
8. The maximum biogas production potential of 16707m³/day was achieved from the addition
of both the 100m³/day at an OLR of 5.24 kg-COD/m³/day and pretreatment acidification
technology
9. The current VSS destruction efficiency of the base scenario is 39%, while the maximum
VSS destruction efficiency of the SSO addition with the 100m³/day with pretreatment was
81%
10. The recommendation for the installation of an acidification pretreatment combined with
co-digestion of SSO substrate has experimentally shown potential to improve biogas
production and VSS destruction.

6.2

Recommendations

Based on the findings of this research, the recommendations future research should include:
1. More co-digestion studies specifically utilizing source separated organics should be
conducted for determining further optimization of OLRs associated with SSO to be
implemented into various AD designs and plant sizes (small and large scale)
2. Further modeling and pilot study research into various substrate sources (FVW, manure,
etc.) to determine potential increases to the readily biodegradable potential of substrates in
AD, through the application of an acidification pretreatment is recommended.
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Appendix B: Modeling Output Findings

BioWin user and configuration data
Project details
Project name: Phase 1

Project ref.: BW1

Plant name: Chatham Kent

User name: Connor Pritty

Created: 2018-10-17

Saved: 2018-12-20

SRT: **** days
Temperature: 20.0°C
Flowsheet

Influent

2 Primary Digesters

Digester Effluent

Configuration information for all Anaerobic Digester units
Physical data
Element name

Volume [m3]

Area [m2]

Depth [m]

Head space volume

2 Primary Digesters

4000.0000

888.8889

4.500

360.0

Operating data Average (flow/time weighted as required)
Element name

Pressure [kPa]

pH

79

2 Primary Digesters

103.0

-

Element name

Average Temperature

2 Primary Digesters

35.0

Configuration information for all Effluent units
Configuration information for all COD Influent units
Operating data Average (flow/time weighted as required)
Element name

Influent

Flow

219

Total COD mgCOD/L

29000.00

Total Kjeldahl Nitrogen mgN/L

1500.00

Total P mgP/L

500.00

Nitrate N mgN/L

0

pH

7.52

Alkalinity mmol/L

12.00

ISS Influent mgISS/L

1000.00

Calcium mg/L

20.00

Magnesium mg/L

10.00

Dissolved O2 mg/L

0

Element name
Fbs - Readily biodegradable (including Acetate)

Influent
[gCOD/g of total COD]

80

0.2600

Fac - Acetate

[gCOD/g of readily biodegradable COD]

Fxsp - Non-colloidal slowly biodegradable
Fus - Unbiodegradable soluble

[gCOD/g of slowly degradable COD]

[gCOD/g of total COD]

Fup - Unbiodegradable particulate
Fna - Ammonia

[gCOD/g of total COD]

0.0900
0.3330

[gN/g Organic N]

Fnus - Soluble unbiodegradable TKN

0.2500

[gN/gTKN]

0.0200

FupN - N:COD ratio for unbiodegradable part. COD

[gN/gCOD]

[gPO4-P/gTP]
[gP/gCOD]

[gCOD/g of total COD]

FZbm - Methylotroph COD fraction

0.0350
0.6000

FupP - P:COD ratio for unbiodegradable part. COD
FZbh - OHO COD fraction

0.6000
0.0200

[gNH3-N/gTKN]

Fnox - Particulate organic nitrogen

Fpo4 - Phosphate

0.5760

0.0110
0.0238

[gCOD/g of total COD]

1.000E-4

FZaob - AOB COD fraction

[gCOD/g of total COD]

1.000E-4

FZnob - NOB COD fraction

[gCOD/g of total COD]

1.000E-4

FZaao - AAO COD fraction

[gCOD/g of total COD]

1.000E-4

FZbp - PAO COD fraction

[gCOD/g of total COD]

FZbpa - Propionic acetogens COD fraction

1.000E-4

[gCOD/g of total COD]

FZbam - Acetoclastic methanogens COD fraction

[gCOD/g of total COD]

1.000E-4
1.000E-4

FZbhm - H2-utilizing methanogens COD fraction [gCOD/g of total COD]

1.000E-4

FZe - Endogenous products COD fraction [gCOD/g of total COD]
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BioWin user and configuration data
Project details
Project name: Phase 2

Project ref.: BW1

Plant name: Chatham Kent
Created: 2018-10-18

User name: Connor Pritty
Saved: 2018-12-20

Steady state solution
SRT: ----- days
Temperature: 20.0°C
82

131.16

5395.9
7

Flowsheet

Influent

3 Digesters

Digester Effluent

Configuration information for all Anaerobic Digester units
Physical data
Element name

Volume [m3]

Area [m2]

Depth [m]

Head space volume

3 Digesters

5920.0000

1315.5556

4.500

540.0

Operating data Average (flow/time weighted as required)
Element name

Pressure [kPa]

pH

3 Digesters

103.0

-

Element name

Average Temperature

3 Digesters

35.0

Configuration information for all Effluent units
Configuration information for all COD Influent units
Operating data Average (flow/time weighted as required)

83

Element name

Influent

Flow

219

Total COD mgCOD/L

29000.00

Total Kjeldahl Nitrogen mgN/L

1500.00

Total P mgP/L

500.00

Nitrate N mgN/L

0

pH

7.52

Alkalinity mmol/L

12.00

ISS Influent mgISS/L

1000.00

Calcium mg/L

20.00

Magnesium mg/L

10.00

Dissolved O2 mg/L

0

Element name

Influent

Fbs - Readily biodegradable (including Acetate)
Fac - Acetate

[gCOD/g of total COD]

[gCOD/g of readily biodegradable COD]

Fxsp - Non-colloidal slowly biodegradable
Fus - Unbiodegradable soluble

Fna - Ammonia

[gCOD/g of slowly degradable COD]

0.6000
0.0200

[gCOD/g of total COD]

0.0900

[gNH3-N/gTKN]

Fnox - Particulate organic nitrogen

0.3330
[gN/g Organic N]

Fnus - Soluble unbiodegradable TKN

0.2500

[gN/gTKN]

FupN - N:COD ratio for unbiodegradable part. COD
Fpo4 - Phosphate

0.5760

[gCOD/g of total COD]

Fup - Unbiodegradable particulate

0.2600

0.0200
[gN/gCOD]

[gPO4-P/gTP]

0.0350
0.6000
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FupP - P:COD ratio for unbiodegradable part. COD
FZbh - OHO COD fraction

[gP/gCOD]

0.0110

[gCOD/g of total COD]

FZbm - Methylotroph COD fraction

0.0238

[gCOD/g of total COD]

1.000E-4

FZaob - AOB COD fraction

[gCOD/g of total COD]

1.000E-4

FZnob - NOB COD fraction

[gCOD/g of total COD]

1.000E-4

FZaao - AAO COD fraction

[gCOD/g of total COD]

1.000E-4

FZbp - PAO COD fraction

[gCOD/g of total COD]

FZbpa - Propionic acetogens COD fraction

1.000E-4

[gCOD/g of total COD]

FZbam - Acetoclastic methanogens COD fraction

1.000E-4

[gCOD/g of total COD]

1.000E-4

FZbhm - H2-utilizing methanogens COD fraction [gCOD/g of total COD]

1.000E-4

FZe - Endogenous products COD fraction [gCOD/g of total COD]
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BioWin user and configuration data
Project details
Project name: Phase 3

Project ref.: BW1

Plant name: Chatham Kent

User name: Connor Pritty

Created: 2018-10-19

Saved: 2019-01-17

SRT: **** days
Temperature: 20.0°C
Flowsheet

Configuration information for all Anaerobic Digester units
Physical data
Element name

Volume [m3]

Area [m2]

Depth [m]

Head space volume

3 Primary Digesters

5920.0000

1315.5556

4.500

540.0

Operating data Average (flow/time weighted as required)
86

Element name

Pressure [kPa]

pH

3 Primary Digesters

103.0

-

Element name

Average Temperature

3 Primary Digesters

35.0

Configuration information for all Effluent units
Configuration information for all COD Influent units
Operating data Average (flow/time weighted as required)
Element name

Influent

Flow

270

Total COD mgCOD/L

51000.00

Total Kjeldahl Nitrogen mgN/L

2500.00

Total P mgP/L

800.00

Nitrate N mgN/L

0

pH

7.50

Alkalinity mmol/L

12.00

ISS Influent mgISS/L

1300.00

Calcium mg/L

20.00

Magnesium mg/L

10.00

Dissolved O2 mg/L

0

Element name

Influent

87

Fbs - Readily biodegradable (including Acetate)
Fac - Acetate

[gCOD/g of total COD]

[gCOD/g of readily biodegradable COD]

Fxsp - Non-colloidal slowly biodegradable
Fus - Unbiodegradable soluble

Fna - Ammonia

[gCOD/g of slowly degradable COD]

[gCOD/g of total COD]

0.0900
0.4000

[gN/g Organic N]

Fnus - Soluble unbiodegradable TKN

0.2500

[gN/gTKN]

0.0200

FupN - N:COD ratio for unbiodegradable part. COD

[gN/gCOD]

[gPO4-P/gTP]
[gP/gCOD]

[gCOD/g of total COD]

FZbm - Methylotroph COD fraction

0.0350
0.3750

FupP - P:COD ratio for unbiodegradable part. COD
FZbh - OHO COD fraction

0.6000
0.0780

[gNH3-N/gTKN]

Fnox - Particulate organic nitrogen

Fpo4 - Phosphate

0.1640

[gCOD/g of total COD]

Fup - Unbiodegradable particulate

0.3100

0.0110
0.3000

[gCOD/g of total COD]

1.000E-4

FZaob - AOB COD fraction

[gCOD/g of total COD]

1.000E-4

FZnob - NOB COD fraction

[gCOD/g of total COD]

1.000E-4

FZaao - AAO COD fraction

[gCOD/g of total COD]

1.000E-4

FZbp - PAO COD fraction

[gCOD/g of total COD]

FZbpa - Propionic acetogens COD fraction

1.000E-4

[gCOD/g of total COD]

FZbam - Acetoclastic methanogens COD fraction

[gCOD/g of total COD]

1.000E-4
1.000E-4

FZbhm - H2-utilizing methanogens COD fraction [gCOD/g of total COD]

1.000E-4

FZe - Endogenous products COD fraction [gCOD/g of total COD]
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BioWin user and configuration data
Project details
Project name: Phase 5

Project ref.: BW1

Plant name: Chatham Kent
Created: 2018-11-13

User name: Connor Pritty
Saved: 2019-01-18

SRT: **** days
Temperature: 20.0°C
Flowsheet

89

0.00

Configuration information for all Anaerobic Digester units
Physical data
Element name

Volume [m3]

Area [m2]

Depth [m]

Head space volume

3 Primary Digesters

5920.0000

1315.5556

4.500

540.0

Operating data Average (flow/time weighted as required)
Element name

Pressure [kPa]

pH

3 Primary Digesters

103.0

-

Element name

Average Temperature

3 Primary Digesters

35.0

Configuration information for all Effluent units
Configuration information for all COD Influent units
Operating data Average (flow/time weighted as required)
Element name

Influent

Flow

320

Total COD mgCOD/L

97000.00

Total Kjeldahl Nitrogen mgN/L

2500.00

90

Total P mgP/L

1000.00

Nitrate N mgN/L

0

pH

7.50

Alkalinity mmol/L

12.00

ISS Influent mgISS/L

1350.00

Calcium mg/L

20.00

Magnesium mg/L

10.00

Dissolved O2 mg/L

0

Element name

Influent

Fbs - Readily biodegradable (including Acetate)
Fac - Acetate

[gCOD/g of total COD]

[gCOD/g of readily biodegradable COD]

Fxsp - Non-colloidal slowly biodegradable
Fus - Unbiodegradable soluble

Fna - Ammonia

[gCOD/g of slowly degradable COD]

[gCOD/g of total COD]

0.0200
0.6000

[gN/g Organic N]

Fnus - Soluble unbiodegradable TKN

0.2500

[gN/gTKN]

FupN - N:COD ratio for unbiodegradable part. COD

0.0200
[gN/gCOD]

[gPO4-P/gTP]

FZaob - AOB COD fraction

[gP/gCOD]

[gCOD/g of total COD]

FZbm - Methylotroph COD fraction

0.0350
0.4000

FupP - P:COD ratio for unbiodegradable part. COD
FZbh - OHO COD fraction

0.8000
0.0610

[gNH3-N/gTKN]

Fnox - Particulate organic nitrogen

Fpo4 - Phosphate

0.0820

[gCOD/g of total COD]

Fup - Unbiodegradable particulate

0.3480

0.0110
0.0100

[gCOD/g of total COD]

1.000E-4

[gCOD/g of total COD]

1.000E-4
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FZnob - NOB COD fraction

[gCOD/g of total COD]

1.000E-4

FZaao - AAO COD fraction

[gCOD/g of total COD]

1.000E-4

FZbp - PAO COD fraction

[gCOD/g of total COD]

FZbpa - Propionic acetogens COD fraction

1.000E-4

[gCOD/g of total COD]

FZbam - Acetoclastic methanogens COD fraction

1.000E-4

[gCOD/g of total COD]

1.000E-4

FZbhm - H2-utilizing methanogens COD fraction [gCOD/g of total COD]

1.000E-4

FZe - Endogenous products COD fraction [gCOD/g of total COD]
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BioWin user and configuration data
Project details
Project name: Phase 6

Project ref.: BW1

Plant name: Chatham Kent

User name: Connor Pritty

Created: 2018-11-23

Saved: 2019-01-18

Steady state solution
SRT: ----- days
Temperature: 20.0°C
Flowsheet

Influent

3 Primary Digesters

Digester Effluent

Configuration information for all Anaerobic Digester units
Physical data
Element name

Volume [m3]

Area [m2]

Depth [m]

Head space volume

3 Primary Digesters

5920.0000

1315.5556

4.500

540.0

Operating data Average (flow/time weighted as required)
93

Element name

Pressure [kPa]

pH

3 Primary Digesters

103.0

-

Element name

Average Temperature

3 Primary Digesters

35.0

Configuration information for all Effluent units
Configuration information for all COD Influent units
Operating data Average (flow/time weighted as required)
Element name

Influent

Flow

345

Total COD mgCOD/L

115000.00

Total Kjeldahl Nitrogen mgN/L

10000.00

Total P mgP/L

2500.00

Nitrate N mgN/L

0

pH

7.50

Alkalinity mmol/L

12.00

ISS Influent mgISS/L

1200.00

Calcium mg/L

20.00

Magnesium mg/L

10.00

Dissolved O2 mg/L

0

Element name

Influent

94

Fbs - Readily biodegradable (including Acetate)
Fac - Acetate

[gCOD/g of total COD]

[gCOD/g of readily biodegradable COD]

Fxsp - Non-colloidal slowly biodegradable
Fus - Unbiodegradable soluble

Fna - Ammonia

[gCOD/g of slowly degradable COD]

[gCOD/g of total COD]

0.4000
0.6800

[gN/g Organic N]

Fnus - Soluble unbiodegradable TKN

0.2500

[gN/gTKN]

0.0200

FupN - N:COD ratio for unbiodegradable part. COD

[gN/gCOD]

[gPO4-P/gTP]
[gP/gCOD]

[gCOD/g of total COD]

FZbm - Methylotroph COD fraction

0.0350
0.2400

FupP - P:COD ratio for unbiodegradable part. COD
FZbh - OHO COD fraction

0.7000
0.0700

[gNH3-N/gTKN]

Fnox - Particulate organic nitrogen

Fpo4 - Phosphate

0.1480

[gCOD/g of total COD]

Fup - Unbiodegradable particulate

0.3130

0.0110
0.0295

[gCOD/g of total COD]

1.000E-4

FZaob - AOB COD fraction

[gCOD/g of total COD]

1.000E-4

FZnob - NOB COD fraction

[gCOD/g of total COD]

1.000E-4

FZaao - AAO COD fraction

[gCOD/g of total COD]

1.000E-4

FZbp - PAO COD fraction

[gCOD/g of total COD]

FZbpa - Propionic acetogens COD fraction

1.000E-4

[gCOD/g of total COD]

FZbam - Acetoclastic methanogens COD fraction

[gCOD/g of total COD]

1.000E-4
1.000E-4

FZbhm - H2-utilizing methanogens COD fraction [gCOD/g of total COD]

1.000E-4

FZe - Endogenous products COD fraction [gCOD/g of total COD]
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BioWin user and configuration data
Project details
Project name: Phase 7

Project ref.: BW1

Plant name: Chatham Kent
Created: 2018-05-17

User name: Connor Pritty
Saved: 2019-02-12

SRT: **** days
Temperature: 20.0°C
Flowsheet

96

132.98

30936.
02

Influent

3 Primary Digesters

Digester Effluent

Configuration information for all Anaerobic Digester units
Physical data
Element name

Volume [m3]

Area [m2]

Depth [m]

Head space volume

3 Primary Digesters

5920.0000

1315.5556

4.500

540.0

Operating data Average (flow/time weighted as required)
Element name

Pressure [kPa]

pH

3 Primary Digesters

103.0

-

Element name

Average Temperature

3 Primary Digesters

35.0

Configuration information for all Effluent units
Configuration information for all COD Influent units
Operating data Average (flow/time weighted as required)
Element name

Influent

Flow

320

97

Total COD mgCOD/L

97000.00

Total Kjeldahl Nitrogen mgN/L

2500.00

Total P mgP/L

1000.00

Nitrate N mgN/L

0

pH

7.50

Alkalinity mmol/L

12.00

ISS Influent mgISS/L

1350.00

Calcium mg/L

20.00

Magnesium mg/L

10.00

Dissolved O2 mg/L

0

Element name

Influent

Fbs - Readily biodegradable (including Acetate)
Fac - Acetate

[gCOD/g of total COD]

[gCOD/g of readily biodegradable COD]

Fxsp - Non-colloidal slowly biodegradable
Fus - Unbiodegradable soluble

Fna - Ammonia

[gCOD/g of slowly degradable COD]

[gCOD/g of total COD]

0.0100
0.6000

[gN/g Organic N]

Fnus - Soluble unbiodegradable TKN

0.2500

[gN/gTKN]

FupN - N:COD ratio for unbiodegradable part. COD

0.0200
[gN/gCOD]

[gPO4-P/gTP]

FupP - P:COD ratio for unbiodegradable part. COD
FZbh - OHO COD fraction

0.9500
0.0410

[gNH3-N/gTKN]

Fnox - Particulate organic nitrogen

Fpo4 - Phosphate

0.7200

[gCOD/g of total COD]

Fup - Unbiodegradable particulate

0.3990

0.0350
0.8000

[gP/gCOD]

[gCOD/g of total COD]

0.0110
0.0500
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FZbm - Methylotroph COD fraction

[gCOD/g of total COD]

1.000E-4

FZaob - AOB COD fraction

[gCOD/g of total COD]

1.000E-4

FZnob - NOB COD fraction

[gCOD/g of total COD]

1.000E-4

FZaao - AAO COD fraction

[gCOD/g of total COD]

1.000E-4

FZbp - PAO COD fraction

[gCOD/g of total COD]

FZbpa - Propionic acetogens COD fraction

1.000E-4

[gCOD/g of total COD]

FZbam - Acetoclastic methanogens COD fraction

1.000E-4

[gCOD/g of total COD]

1.000E-4

FZbhm - H2-utilizing methanogens COD fraction [gCOD/g of total COD]

1.000E-4

FZe - Endogenous products COD fraction [gCOD/g of total COD]

0
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123.6

41

83

53

4

2

7.50
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.00

00
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